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Remotely piloted aerial application systems (RPAAS) are exponentially increasing
globally for pesticide applications. Evaluations of spray coverage, deposits, and
droplet size, when implementing various application parameters, are needed to
optimize these applications. A RPAAS at 46.8 L ha™ provided similar or greater
coverage and deposits to ground equipment at 93.5 L ha™* across nozzle types
evaluated excluding the XR. The RPAAS at 18.7 L ha™ had reduced coverage (<9%
total coverage) and deposits (<350 total deposits cm™) regardless of nozzle type
evaluated compared to the other two application setups. The top and back WSP
locations had considerably greater coverage and deposits than the front WSP
location likely due to wind speed and direction being more important drivers for
spray dynamics than direction of sprayer travel. Generally, nozzle selection was
less critical for coverage and deposits from RPAAS at 18.7 L ha™. The AITTJ60,
AIXR, and TADF nozzle types may be optimum options for RPAAS, particularly at
46.8 L ha™, as they improved coverage, deposits, and estimated recovery rate
while producing the greatest droplet size, thereby reducing spray drift potential.
Results of this research demonstrated coverage, deposits, and droplet size from
RPAAS at 46.8 L ha™* can be equivalent to ground spray equipment at 93.5 L ha™
across a range of nozzle types and therefore, may be viable for effective pesticide
applications. Applications using RPAAS at 18.7 L ha™ resulted in considerably less
coverage and deposits across nozzle types evaluated, and would be at risk for
reduced pesticide efficacy.
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1 Introduction

Effective pest management is vital for maintaining agricultural
productivity, enhancing human health, and minimizing economic
losses. Severe negative consequences on agricultural production and
human health have been observed from insects (Belluco et al.,
2023), plant pathogens (e.g., fungi) (Kim et al., 2020; Ristaino et al.,
2021), and weeds (Pimentel et al.,, 2005; Weed Science Society of
America (WSSA), 2016). Additionally, the annual cost to the United
States agricultural economy due to crop losses and herbicide costs
from introduced weeds was estimated at approximately USD 26
billion (Pimentel, 2009) with global crop losses estimated at 34%
and an annual cost (revenue loss plus herbicide cost) of over USD
125 billion (Oerke, 2006; Gharde et al., 2018). This value does not
account for the estimated 4.5% increase in the cost of food for every
1% decrease in crop yield, nor does it account for approximately
USD 11 billion in environmental and public health impacts. As a
result, the need for pesticides is unsurprising with the global
agricultural pesticide use totaling 1.70, 0.82, and 0.76 million
tonnes in 2021 for herbicides, fungicides, and insecticides,
respectively (FAOSTAT, 2021). The demand to apply these
pesticides economically and environmentally-consciously requires
each application procedure to be thoroughly understood
and optimized.

One of the primary philosophies to optimize pesticide applications
is to more accurately and precisely deposit sprays onto the target
(Matthews et al., 2014). The methods to achieve this goal can vary
widely depending on the specific application and numerous parameters
that affect coverage and spray deposits. Previous research illustrated
spray droplet size and coverage was affected by nozzle type and
herbicide active ingredient which subsequently resulted in mixed
impacts on weed groundcover (Priess et al, 2021). An increase in
sprayer speed reduced coverage from a non-rate-controlled sprayer
(Sapkota et al, 2023). Although a rate-controlled sprayer buffered
coverage fluctuations across a range of sprayer speeds, it resulted in
increased spray droplet size variability. An increase in spray volume
subsequently increased target coverage, particularly when needing to
penetrate the crop canopy (Legleiter and Johnson, 2016). Even further,
increased application pressures and asymmetrical dual-fan nozzle types
with alternating arrangements increased droplet densities on targets
(Ferguson et al,, 2016). Although coverage and spray deposits have not
always been directly tied to biological efficacy, previous research
exploring nozzle selection impacts on barnyardgrass (Echinochloa
crus-galli P. Beauv) control revealed similar numerical trends with
increased spray deposits resulting in reduced weed seed production
(Reed et al, 2024). Overall, there are numerous complexities in
improving overall spray coverage and deposits due to the three-
dimensional architecture of plants, and that a possible solution to
improve deposition is to deploy a suitable airflow or increase
turbulence within a crop canopy (Matthews et al,, 2014). One such
application method that may aid in this attribute is through the use of
remotely piloted aerial application systems (RPAAS).

Unmanned aerial systems (UAS), both imaging and spray-based,
have exponentially expanded over the past five years. For instance, it
was estimated there were 4,000 crop protection RPAAS in China in
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2016; by 2021, this number grew to more than 120,000 RPAAS treating
over 71 million hectares of crop land (Ozkan, 2024). Currently in the
United States, the Federal Aviation Administration (FAA) has more
than 375,000 UAS registered commercially with nearly 5,700 additional
aircraft specifically registered as RPAAS (FAA, 2024). The agricultural
UAS global market was estimated to be worth approximately USD 1.4
billion in 2021 with forecasts predicting a total market size of USD 11.9
billion by 2028 (Research and Markets, 2023). In addition, United
States farmers employing UAS operations have indicated returns on
investment of USD 30 ha™' for corn (Zea mays L.) and USD 5 to 7 ha™
for soybean [Glycine max (L.) Merr.] and wheat (Triticum aestivum L.).
The use of both remote sensing UAS and RPAAS has been expanded to
include all facets of crop protection including plant disease (Vitoria
et al.,, 2023), insects (lost Filho et al., 2020), and weeds (Hunter et al.,
2020b). However, the airflow and spray transport dynamics of RPAAS,
particularly from rotary-wing quad-, hex-, and octo-copters, are each
unique compared to ground driven sprayers, fixed-wing aircraft, and
single rotary-wing manned aircraft.

These unique application dynamics can be compared to a top-
down, vertically oriented air-assisted sprayer. Air-assisted sprayers
use an airflow field to assist in the transport and distribution of
pesticides to and within crop canopies, previously having been
demonstrated to increase canopy penetration and reduce
downwind drift (Matthews et al, 2014). Research with RPAAS
demonstrated the downwash generated from the rotor increased
spray droplet velocities, narrowed the spray plume distribution,
improved droplet distribution uniformity, and increased spray
deposition and penetration, thereby creating a more concentrated
deposition area with less off-target movement risk than a standard
application without airflow downwash (Zhan et al., 2022; Feng et al.,
2024; Fritz and Butts, 2024).

Several RPAAS studies have evaluated application parameter
optimization for spray deposition and pest control. To summarize
the overall trends across research trials, it was generally identified
that RPAAS spray optimization occurred at a flight height between
1.5 and 2 m with a flight speed from 3 to 5 m st (Qin et al., 2016;
Liao et al., 2019; Meng et al., 2019; Hunter et al., 2020a; Huang et al.,
2023). Additionally, RPAAS equipped with nozzles producing a
coarser spray droplet size, increased spray deposition and reduced
drift potential compared to those equipped with nozzles producing
finer sprays (Wang et al., 2019; Hunter et al., 2020a; Huang et al.,
2023). These application parameters not only optimized spray
deposition, but also maintained or improved pesticidal activity
(insecticides, fungicides, herbicides, and defoliants) compared to
more conventional application methods (Qin et al., 2016; Liao et al,
2019; Meng et al., 2019; Wang et al., 2019; Huang et al., 2023). Spray
volume was the most variable factor for RPAAS spray deposition
optimization with recommended volumes ranging from 15 to 48 L
ha' (Liao et al., 2019; Meng et al,, 2019; Wang et al., 2019;
Delavarpour et al., 2023; Huang et al., 2023). Overall, RPAAS
have the potential to be an alternative, effective pesticide
application tool; however, they require specific parametrization to
obtain complete effectiveness.

As RPAAS continue to grow in popularity, a more thorough
evaluation of the impact application setups and nozzle selection
have on resulting spray dynamics is critical, particularly to optimize
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biological efficacy of pesticides applied. However, there is minimal
to no present research providing information on spray coverage,
deposits, and droplet size resulting from the use of a diverse nozzle
set on a RPAAS to generate more robust nozzle recommendations
(Delavarpour et al,, 2023). Therefore, the objective of this research
was to assess holistic spray coverage, deposits, and droplet size from
a RPAAS compared to a ground-based sprayer across various
application parameters such as nozzle selection and spray volume.

2 Materials and methods
2.1 Laboratory droplet size analysis

A laboratory experiment was conducted in the fall of 2023 to
measure droplet size distributions from nozzle types used in the
field experiment described in the subsequent section. The six nozzle
types evaluated and their respective manufacturer information can
be found in Table 1. Nozzle treatments were selected based on
commercial popularity, the ability to provide a range of spray
classifications, and to evaluate various nozzle designs (i.e., single-
fan straight flow path, single-fan angled exit orifice, and dual-fan).
Water alone was used as the spray solution for testing.

Droplet size analysis procedures and infrastructure at the
United States Department of Agriculture, Agricultural Research
Service Aerial Application Technology laboratory was outlined in
detail in previous research (Fritz et al., 2014b). In brief, the low wind
speed tunnel located in College Station, Texas, USA is 1.2 X 1.2 m
and 9.8 m long operated at an air velocity of 24 km hr™'. The outlet

TABLE 1 Nozzle type, arrangement, and manufacturer information for
the nozzle treatments evaluated in the laboratory droplet size
experiment and the water sensitive paper field experiment.

Manufacturer
Location

Nozzle Manufacturer

type

Arrangement

3D-10002" Alternating Pentair Hypro Golden Valley,
inclination MN, USA
3D-10002 All- Pentair Hypro Golden Valley,
forward MN, USA
inclination
AITTJ60- Straight down Spraying Systems, Glendale Heights,

11002 Inc.,
TeeJet Technologies

1L, USA

AIXR- Straight down Spraying Systems,
11002 Inc.,
TeeJet Technologies

Glendale Heights,
IL, USA

TADE- Alternating Greenleaf Covington, LA, USA
11002" inclination Technologies

ULD- Straight down Pentair Hypro Golden Valley,
12002 MN, USA
XR-11002 Straight down Spraying Systems, Glendale Heights,

Inc,, IL, USA
TeeJet Technologies

"The alternating inclination arrangement was not used in the laboratory droplet size
experiment as only a single nozzle was utilized for testing and the alternating orientation
does not affect droplet size.
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section of the tunnel was funneled through a forced impaction
scrubber system that uses an assisted suction fan to maintain air
velocity through the filter. The nozzle was positioned to spray
horizontally, parallel to the airflow with the spray fan perpendicular
to the laser beam (Butts et al., 2019). The nozzle body was traversed
vertically allowing for sampling from the full spray plume. A
pressure regulator was used to maintain application pressure at
103 kPa to match operating conditions as a part of the field
experiment described later. The pressure was measured using an
electronic pressure transducer (Model PX409-100GUSB, Omega
Engineering, Inc., Stamford, CT) positioned 20 cm upstream from
the nozzle outlet.

A Sympatec HELOS laser diffraction system was used for the
droplet size analysis. The R7 lens, which has a dynamic sizing range
of 18-3500 pum divided across 32 size bins, was used. Measurement
distance between nozzle outlet and laser beam was set at 30.5 cm.
Each measurement replication consisted of one full vertical traverse
of the spray plume. Sufficient replications were made to ensure that
the standard deviations of Dyg 1, Dyg 5, and Dyg o, droplet diameters
in which 10, 50, and 90% of the spray volume was contained in
droplets with smaller diameter, respectively, were all within +5% of
the means with a minimum of three replications being made. Data
collected consisted of the aforementioned Dy 1, Dyo.5, and Dy.9, the
relative span (RS) which is a dimensionless parameter that provides
an estimate of the variance of the droplet sizes within a spray, and
the percent of spray volume contained in droplets with diameters
less than 200-pm (%<200). Additionally, spray classifications were
determined in accordance with the ASABE S572.3 standard (ANSI/
ASABE, 2020). Droplet size data were statistically analyzed with
analysis of variance using SAS v9.4 (SAS Institute, Cary, NC, USA)
and the GLIMMIX procedure. Nozzle type was considered a fixed
effect for Dy 1, Dyos, Dyoos RS, and %<200. A gamma distribution
was utilized for the Dyg 1, Dyo.5 Dyoo, and RS as data were bound
between 0 and positive infinity, and %<200 was analyzed using a
beta distribution as data were bound between 0 and 1 (Gbur et al,,
2012; Stroup, 2012). Means were separated using Tukey’s Honestly
Significant Difference at 0=0.05.

2.2 Coverage, deposits, and D, 5 from
water sensitive paper

A field experiment was conducted near Newport, Arkansas,
USA (35.5756, -91.2521) in the spring of 2023 to measure the spray
deposition characteristics from applications involving a RPAAS
(DJT AGRAS T30, SZ DJI Technology Co., Nanshan District,
Shenzhen, China) and ground spray equipment (Bowman
MudMaster, Bowman Manufacturing Co., Inc., Newport,
Arkansas, USA). The experiment was a completely randomized
design with five replications. Treatments consisted of three
application setups (RPAAS at 18.7 L ha™', RPAAS at 46.8 L ha'!,
and ground equipment at 93.5 L ha™"), three water sensitive paper
(WSP) collection locations (top, front, and back), and seven nozzle
types/arrangements. The nozzle types, arrangements, and
manufacturer information are in Table 1. Treatments were
selected based on common current commercial applications and
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to assess holistic coverage as if simulating an entire plant structure.
Additional nozzles including the Guardian Air Twin (GAT, Pentair
Hypro, Golden Valley, MN, USA), Turbo TeeJet Induction (TTI,
Spraying Systems, Inc., TeeJet Technologies, Glendale Heights, IL,
USA), and Mid-Range Combo-Jet (MR, Wilger Inc., Lexington, TN,
USA) were initially outlined for testing; however, due to nozzle and
O-ring designs, these nozzles could not be properly attached to
the RPAAS.

The RPAAS was flown using Manual Plus mode which fixed the
aircraft’s heading directly over top of collection stations while
allowing for manual control of the spray operation. The aircraft
speed was input into the controller prior to the application to hold
the application speed constant. Across spray volumes, the RPAAS
was operated at a 2.4 m flight height with a theoretical (controller
input) swath width of 5.5 m and included 12 of 16 nozzles spraying
at one time. Additionally, a calculated total flow rate of 4.81 L min™
was used for both spray volume treatments which led to a
theoretical pressure calculation of approximately 103 kPa at the
nozzle. This pressure fell below the minimum nozzle manufacturer
recommended pressures; however, these orifice sizes were
commercially popular at the time the research was conducted and
was the preference of the RPAAS pilot applicator aiding in the
research. Therefore, the decision was made to continue with the low
pressures to provide an assessment of common RPAAS application
settings used commercially. To create the spray volume treatments,
the RPAAS flight speed was manipulated which consisted of 7.0 and
2.8 m s for the 18.7 and 46.8 L ha™' spray volumes, respectively.

The ground spray equipment was operated with a boom height of
0.7 m and traveled at 5 km hr™. It had a six-nozzle, front mounted
boom with nozzles spaced 51-cm apart equating to a 3 m wide spray
pass. The ground sprayer, pressurized using compressed air, was
calibrated to deliver the appropriate spray volume (94 L ha™) with
103 kPa at the nozzle to match the calculated theoretical nozzle
pressure from the RPAAS. On the day of testing, weather conditions
consisted of an average air temperature of 8.5C, 57% relative
humidity, and a 6.9 km hr average wind speed (gusts up to

Front View

Top Card——» ——
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FIGURE 1

Front Card

10.3389/fagro.2024.1493799

14.5 km hr') from 77° (WatchDog 3550 Wireless ET Station,
Spectrum Technologies, Aurora, IL USA).Both the RPAAS and
ground spray equipment were flown or driven directly in-wind for
all data collection.

Data collection consisted of spray coverage (%), deposits (# cm?),
Dyos (um), and estimated recovery rate (deposition as a % of
intended application rate) measured using water sensitive paper
(WSP) placed on collection stands placed along the flight and drive
path and located at the center of the equipment’s spray swath
(Figure 1). It should be noted that estimated recovery rate was only
determined for the top, horizontal WSP as it is a function of the
intended application rate and is measured as the amount of material
settling across a horizontal plane and area. Three WSP (Spraying
Systems, Inc., TeeJet Technologies, Glendale Heights, IL, USA) were
placed on each collection stand and five separate collection stands
were utilized. The three WSP comprised a horizontal paper placed
15-cm from ground level at the top of the collection stand (top), a
vertical paper placed immediately below the top paper facing the
oncoming sprayer (front), and a vertical paper placed immediately
below the top paper facing away from the oncoming sprayer (back)
(Figure 1). Following each application, WSP were immediately
collected, placed in labeled plastic bags, and stored in a climate-
controlled area until analysis.

The WSP were subsequently analyzed using DepositScan (USDA-
ARS, Application Technology Research Unit, Wooster, OH, USA) for
the aforementioned response variables (Zhu et al., 2011). DepositScan
analyzes the images of the scanned WSP and determines the number of
individual spots along with their areas from a selected area within the
image. The cumulative droplet distribution required to determine Dy 5
and amount of spray deposits per unit area is calculated from the
droplet diameters associated with each individual spot using a pre-
determined spread factor specific to water and WSP. While the validity
of spray volume deposits determined from WSP can be questioned due
to the reliability of the spread factor method used, as water alone was
the spray solution and all WSP across treatments were processed using
the same spread factor, comparisons between the relative deposits are

Top View
Back Card

/
! \

Top Card Front Card

Sprayer
Travel

Diagram illustrating the collection stands and water-sensitive paper orientation for spray coverage data collection.
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valid (Hoffmann and Hewitt, 2005). In addition to assessing the
coverage and deposits individually at each WSP location, the three
papers from each collection stand were summed to provide one
holistic, three-dimensional measurement with five replications. These
response variables were termed total coverage and total deposits.

Once extracted from DepositScan, data were statistically
analyzed with analysis of variance using SAS v9.4 (SAS Institute,
Cary, NC, USA) and the GLIMMIX procedure. Application setup,
nozzle type, and WSP location were considered fixed effects for
spray coverage, deposits, and Dy 5. Application setup and nozzle
type were considered fixed effects for total coverage, total deposits,
and estimated recovery rate. Spray coverage, total coverage, and
estimated recovery rate were analyzed using a beta distribution as
data were bound between 0 and 1 (prior to conversion to a
percentage for presentation) (Gbur et al., 2012; Stroup, 2012).
Deposits, total deposits, and Dy, s were analyzed using a gamma
distribution as data were bound between 0 and positive infinity.
Means were separated using Tukey’s Honestly Significant
Difference at 0=0.10.

Droplet size data from both laboratory and WSP analyses were
further compared using linear regressions. The WSP Dys was
divided by the laboratory measured D5 for each nozzle type to
provide a percentage WSP deposited Dygs. This value was then
regressed over the WSP Dy 5 to identify relationships between the
sprayed droplet distribution and the distribution that deposited on
WSP. Linear models were established using Microsoft Excel version
2108 (Microsoft Office LTSC Professional Plus 2021, Microsoft
Corporation, Redmond, WA, USA).

3 Results and discussion
3.1 Laboratory droplet size results

All droplet distribution response variables, Dy 1, Dyo.s, Dyo.os
RS, and %<200, were affected by nozzle type (P<0.0001, Table 2).

TABLE 2 Spray droplet size results from laboratory wind tunnel testing of six nozzle types using water alone

Nozzle type’

10.3389/fagro.2024.1493799

The Dy response variable increased as a result of nozzle type in
the order of: XR < 3D < ULD < AIXR < TADF < AITTJ60.
Additionally, the %<200 variable resulted in the exact inverse
relationship. Nozzle type influenced the Dy 5 in a similar trend as
the Dy, except the TADF resulted in a greater diameter than the
AITTJ60. The Dy followed a similar trend as the Dy 5 except the
ULD and AIXR switched order, and the XR and 3D produced
similar Dy . The RS variable increased in the order of: AITTJ60 <
AIXR < TADF = 3D < XR < ULD. This indicates that the AITTJ60
produced the most homogenous droplet distribution of the nozzles
evaluated, while the ULD produced the most heterogenous droplet
distribution. Overall, the measured droplet size distributions
resulted in spray classifications ranging from a Fine (XR) up to
an Extremely Coarse (AITT]J60 and TADEF).

These results demonstrate the range of nozzle types evaluated in
this research provided a wide magnitude of droplet sizes, spray
classifications, spray dynamics, and drift potential. As previous
literature has discussed the impact of droplet size on pesticide
coverage (Knoche, 1994; Matthews et al., 2014), the wide range of
droplet characteristics emitted from the tested nozzle types provided
an effective, diverse evaluation of spray characteristics on RPAAS
spray coverage. Additionally, previous research determined that spray
formulation influences atomization (Miller and Butler Ellis, 2000);
however, herbicide active ingredient was identified as having less of
an effect on overall spray droplet size than nozzle type and operating
pressure (Creech et al,, 2015). Although the addition of a herbicide to
the spray solution here would have likely altered the exact droplet size
results, the relative comparisons between treatments expressed in this
research would still be viable.

It should be noted, however, that the presented, laboratory-
measured droplet size data may not fully represent true droplet sizes
emitted from a RPAAS system that includes rotor and airwash
effects (Fritz and Butts, 2024), and as such, should only be
considered an estimate of each nozzle type’s general influence on
droplet size distributions from an RPAAS. Further research is
needed to specifically characterize the RPAAS dynamics and rotor
wash effects on resulting droplet size distributions.

t*

Spray classification®

3D 104 e 221 e 355e 1.14 ¢ 4190 b M
AITTJ60 269 a 530 b 803 b 1.0l e 423 f XC
AIXR 214 ¢ 433 ¢ 673 d 1.06 de 8.50 d vC
TADF 237 b 556 a 847 a 1.10 cd 7.52 e XC
ULD 202d 416 d 748 ¢ 131 a 9.79 ¢ vC
XR 93 f 205 345 e 123 b 4820 a F

P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

"Dyo.1» Dyos» and Dyg o are the droplet diameter in which 10, 50, and 90% of the spray volume is contained in droplets of smaller diameter, respectively; RS is the relative span, a dimensionless
parameter that provides an estimate of the variance of the droplet sizes within a spray; %<200 is the percentage of spray volume contained in droplets with diameters less than 200-um.
*Means within a column followed by the same letter are not different according to Tukey’s HSD at 0=0.05.

93D and ULD, Pentair Hypro, Golden Valley, MN, USA; AITTJ60, AIXR, and XR, Spraying Systems, Inc., TeeJet Technologies, Glendale Heights, IL, USA; TADF, Greenleaf Technologies,

Covington, LA, USA.

’Spray classifications were determined using ASABE $572.3: F, Fine; M, Medium; C, Coarse; VC, Very Coarse; XC, Extremely Coarse; and UC, Ultra Coarse.
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3.2 Coverage, deposits, and D, s from
water sensitive paper

A significant three-way interaction between application setup,
nozzle type, and WSP location occurred for spray coverage
(P=0.0009), deposits (P<0.0001), and Dyq5 (P=0.0002). However,
due to the complexity of presenting and discussing this three-way
interaction to provide meaningful takeaways, data were reanalyzed
within WSP locations. This analysis resulted in a significant (0=0.1)
two-way interaction between application setup and nozzle type for
spray coverage, deposits, Dy 5, and estimated recovery rate (top
WSP only) across all WSP locations excluding the Dy, s measured
on the front WSP (Table 3).

On the top, horizontally oriented WSP, the greatest coverage
(20.5%) was obtained from an application with the ground
equipment at 93.5 L ha™ using an XR nozzle (Table 4). This is
likely due to a combination of the smallest droplet size of the
nozzles tested (Tables 2, 4), greatest spray volume, and close
proximity to the target of the spray when emitted from the
ground sprayer. However, several treatments were statistically
equivalent including three of the seven RPAAS at 46.8 L ha™
treatments (3D-Forward, AITTJ60, and AIXR nozzles) (Table 4).
Additionally, across all nozzles tested excluding the XR, coverage
from the RPAAS at 46.8 L ha™ was similar to that of the ground
equipment applied using 93.5 L ha'. Despite a few instances of
similar coverage obtained from the RPAAS at 18.7 L ha™ with the
ground spray equipment, coverage was never greater than 4.5%
regardless of nozzle used. Overall, for the ground spray equipment,
coverage was greatest numerically from nozzle types in the order of
XR > 3D-alternating > 3D-forward > AITTJ60 > TADF > ULD >
AIXR, while coverage from nozzles equipped on the RPAAS
equipment was generally greatest numerically in the order of
AIXR > AITTJ60 > 3D-forward > 3D-alternating > TADF > XR >
ULD. This result illustrates that spray dynamics are vastly different
between RPAAS and ground spray systems, and subsequent nozzle
selection decisions will require specific testing with RPAAS as
recommendations from ground equipment may not be applicable.

Deposits measured from the top WSP followed a similar trend
across treatments to that of the measured coverage with the greatest
number of deposits cm™ (642) observed on WSP from the ground
equipment at 93.5 L ha™" using the XR nozzle (Table 4). However,
the RPAAS at 46.8 L ha™ resulted in equivalent deposits on the top
WSP as the ground equipment at 93.5 L ha™' across all nozzles
tested. The RPAAS at 18.7 L ha™ again lagged behind the other

10.3389/fagro.2024.1493799

application setups with five of the seven nozzle types tested resulting
in less than or equal to 80 deposits cm™. Despite a similar trend
emerging for deposits and coverage from a result of application
setups, no clear trend emerged for nozzle selection between
coverage and deposits. For the ground spray equipment, nozzle
type generally resulted in the greatest deposits numerically on WSP
in the order of the XR > 3D-alternating > 3D-forward > ULD >
AIXR > AITTJ60 > TADF. The three top nozzles (XR, 3D-
alternating, and 3D-forward) remained consistent between
coverage and deposits response variables; however, the other
nozzles did not remain in the same order. As a result, coverage
and deposits from ground equipment was likely more a result of
droplet size (Tables 2, 4) than other nozzle selection criteria such as
dual-fan versus single-fan. In contrast, nozzle types equipped on
RPAAS generally resulted in the greatest deposits numerically in the
order of XR > 3D-forward > 3D-alternating > AIXR > AITTJ60 >
TADF > ULD. There was minimal overlap between coverage and
deposits regarding the order of nozzle types indicating spray
coverage and droplet deposition dynamics from RPAAS are much
more complex than standard ground applications (again
highlighting the complexity of nozzle selection for
RPAAS operators).

In addition to coverage and deposits on the top card, estimated
recovery rate (% deposition determined from WSP divided by the
theoretical, intended application rate) was calculated to provide a
measure of spray deposition efficiency (Table 4). Overall, the lowest
estimated recovery rate (43.9%) occurred from the XR nozzle
equipped on the RPAAS operated at 18.7 L ha'. However, the
three greatest estimated recovery rate amounts occurred from the
RPAAS operated at 46.8 L ha™ with the AIXR (160%), AITTJ60
(147%), and TADF (115%) nozzle types. Excluding the XR nozzle,
the RPAAS at 46.8 L ha™' resulted in greater estimated recovery rate
than the ground spray equipment for each nozzle type evaluated
indicating this application setup was highly efficient at depositing
spray on the target directly beneath the RPAAS flight line.
Furthermore, for the 3D-forward, AIXR, and TADF nozzles, the
RPAAS at 18.7 L ha! provided at least 15 percentage points greater
estimated recovery rate amounts numerically than the ground spray
equipment. This increased deposition efficiency may help to explain
why previous research has observed positive pesticide efficacy in low
spray volumes with RPAAS systems (Qin et al., 2016; Meng et al.,
2019; Delavarpour et al., 2023; Huang et al., 2023). However, it
should be noted that this may be due to a “funneling” effect in the
spray swath pattern observed with RPAAS depositing greater spray

TABLE 3 P-values from the analysis of variance conducted within water sensitive paper (WSP) locations for spray coverage, deposits, and Dvo;.

WSP location

Coverage Deposits Dyos Estimated recovery rate
Top Front Back Top Front Back Top Front Back Top
Application setup <0.0001 | <0.0001 = <0.0001 = <0.0001 = <0.0001 = <0.0001  0.0041  0.0004  0.0034 <0.0001
Nozzle type 01268 = 04842 = <0.0001 = <0.0001 = <0.0001 = <0.0001 | <0.0001 <0.0001  0.0010 0.0060
Application setup*nozzle type | 0.0048 = 0.0734 | <0.0001 = 0.0004  <0.0001 <0.0001 = 0.0033  0.1317  <0.0001 0.0831

"Significant P-values according to Tukey’s HSD (0:=0.1) are bolded.
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directly under the flight line in an in-wind flight path (Yallapa et al,,
2023). Further research is needed to evaluate resulting spray swath
widths across nozzle types as well as the influence that ambient
wind speed and direction has on this deposition efficiency across an
entire spray swath (Bonds et al., 2023).

Similar patterns emerged for coverage and deposits on the back
(Table 5) and front (Table 6) WSP as the previously discussed top
WSP. The RPAAS at 18.7 L ha™ again resulted in reduced coverage
and deposits across the nozzle types evaluated compared to the
other application setups. Coverage from the RPAAS at 18.7 L ha™
treatment never exceeded 4.4 and 1.1% on the back and front WSP,
respectively, and deposits never exceeded 198 and 22 cm™,
respectively (Tables 5, 6). The RPAAS at 46.8 L ha' provided
similar or greater coverage as the ground equipment at 93.5 L ha™
on the back WSP across six of the seven nozzle types evaluated
(Table 5), but only two of the seven nozzle types evaluated on the
front WSP (Table 6). For deposits, the RPAAS at 46.8 L ha™
maintained or increased the number of droplets deposited

10.3389/fagro.2024.1493799

compared to the ground equipment at 93.5 L ha™' on the back
WSP across all seven nozzle types evaluated (Table 5), and six of the
seven nozzle types evaluated on the front WSP (Table 6).
Furthermore, minimal consistencies emerged once again
regarding an optimum nozzle selection for the RPAAS that
maximized both coverage and deposition across the spray
volumes utilized, while the XR and 3D-alternating nozzle
selections were the consensus leaders for optimizing coverage and
deposits from the ground spray equipment. Future research should
evaluate pesticidal efficacy from these various nozzle types equipped
on an RPAAS to better determine an optimum nozzle selection
recommendation. Additionally, further research should explore any
connections between spray coverage and deposits on the additional
WSP locations (front and back) with the resulting pesticidal efficacy
to determine if there is an additional benefit to understanding the
holistic spray deposition dynamics.

Although WSP locations were not compared statistically, a brief
discussion regarding coverage and deposits across their respective

TABLE 4 Spray coverage (%), deposits (# cm™2), and D,o 5 (um) measured on the top (horizontal) water sensitive paper from applications occurring by
a remotely piloted aerial application system (RPAAS) at 18.7 and 46.8 L ha™, and ground spray equipment at 93.5 L ha™ across seven nozzle types

t
or arrangements .

Nozzle type* Application setup Coverage Deposits Estimated recovery rate’
A # cm™2 %

3D-Alternating 18.7 L ha'!, RPAAS 3.0 gh 80 i-k 170 e-h 60.4 ¢
46.8 L ha'', RPAAS 11.2 bed 288 a-e 191 d-g 92.6 abc

93.5 L ha™, Ground 17.8 ab 518 ab 183 e-h 72.4 be

3D-Forward 18.7 L ha'!, RPAAS 39 e-h 123 f-k 151 gh 67.2 be
46.8 L ha'!, RPAAS 12.5 abc 371 a-d 181 e-h 99.2 abc

93.5 L ha™, Ground 14.2 abc 496 ab 159 fgh 514 ¢

AITTJ60 18.7 L ha'!, RPAAS 3.0 gh 58 Ik 223 f 70.8 be
46.8 L ha'', RPAAS 13.3 abc 210 c-g 282 abc 147.0 ab

93.5 L ha™!, Ground 11.5 abc 143 e-j 327 ab 72.3 be
AIXR 18.7 L ha'!, RPAAS 4.5d-h 67 jlk 274 a-d 123.0 abc
46.8 L ha'!, RPAAS 14.5 abc 267 b-f 279 abc 160.0 a

93.5 L ha'!, Ground 9.5 b-e 163 d-i 286 abc 53.6 ¢

TADF 18.7 L ha'!, RPAAS 3.7 e-h 64 jlk 241 b-e 91.2 abc
46.8 L ha'', RPAAS 10.9 bed 194 c-h 267 a-d 115.0 abc

93.5 L ha™!, Ground 10.3 b-e 103 g-k 348 ab 73.2 be

ULD 18.7 L ha'!, RPAAS 1.8h 25m 354 a 60.5 ¢
46.8 L ha'', RPAAS 82 c-g 131 e-k 317 abc 97.9 abc

93.5 L ha™, Ground 10.1 b-e 164 d-i 272 a-d 55.4 ¢

XR 18.7 L ha'!, RPAAS 2.9 gh 138 e-j 127 h 439 ¢

46.8 L ha'', RPAAS 9.4 b-e 399 abc 136 gh 62.8 ¢

93.5 L ha™', Ground 20.5a 642 a 174 e-h 78.7 abc

"Means within a column followed by the same letter are not different according to Tukey’s HSD at 0=0.05.
¢.’,D-Alternating, 3D-Forward, and ULD, Pentair Hypro, Golden Valley, MN, USA; AITTJ60, AIXR, and XR, Spraying Systems, Inc., TeeJet Technologies, Glendale Heights, IL, USA; TADF,

Greenleaf Technologies, Covington, LA, USA.

SEstimated recovery rate was calculated by dividing deposition estimates provided from analysis of water sensitive paper from the theoretical deposition potential of the intended spray volume.
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TABLE 5 Spray coverage (%), deposits (# cm™), and Do 5 (um) measured on the back (vertical) water sensitive paper from applications occurring by a
remotely piloted aerial application system (RPAAS) at 18.7 and 46.8 L ha™, and ground spray equipment at 93.5 L ha™ across seven nozzle types

or arrangements .

Nozzle type* Application setup Coverage Deposits
% #cm™2
3D-Alternating 18.7 L ha'!, RPAAS 12e 46 jk 131 be
46.8 L ha'!, RPAAS 20.6 abc 479 a-d 219 be
93.5 L ha™', Ground 16.9 a-d 451 a-d 186 bc
3D-Forward 18.7 L ha'!, RPAAS 44 ¢ 183 ¢c-h 131 be
46.8 L ha'', RPAAS 8.5 cde 417 a-d 131 be
93.5 L ha™', Ground 12.9 b-e 712 a 118 be
AITTJ60 18.7 L ha'!, RPAAS 43e 112 £ 187 be
46.8 L ha'!, RPAAS 21.8 ab 401 a-e 293 b
93.5 L ha™, Ground 45e 152 d-i 249 be
AIXR 18.7 L ha'!, RPAAS 17e 44 jk 200 be
46.8 L ha'', RPAAS 124 b-e 352 a-f 219 be
93.5 L ha™', Ground 50e 208 b-g 181 be
TADF 18.7 L ha'!, RPAAS 21e 61 h-k 189 be
46.8 L ha'!, RPAAS 48e 186 c-h 170 be
93.5 L ha™, Ground 12e 51 ijk 218 be
ULD 18.7 L ha'!, RPAAS 0.7 e 24 k 166 be
46.8 L ha'', RPAAS 37e 94 g 224 be
93.5 L ha™', Ground 36e 158 d-i 168 be
XR 18.7 L ha'!, RPAAS 32e 198 c-g 110 ¢
46.8 L ha'!, RPAAS 9.9 b-e 530 abc 125 be
93.5 L ha™, Ground 30.7 a 643 ab 812a

"Means within a column followed by the same letter are not different according to Tukey’s HSD at 0:=0.05.
#3D-Alternating, 3D-Forward, and ULD, Pentair Hypro, Golden Valley, MN, USA; AITTJ60, AIXR, and XR, Spraying Systems, Inc., TeeJet Technologies, Glendale Heights, IL, USA; TADF,

Greenleaf Technologies, Covington, LA, USA.

collection locations should occur. Generally, coverage was greatest
across treatment factors in the order of the top, back, and front WSP,
respectively, while deposits were greatest in the order of the back, top,
and front WSP, respectively (Tables 4-6). Previous research has
indicated that greater droplet retention can occur, particularly with
smaller droplets, on vertical surfaces compared to horizontal surfaces
aiding in explaining greater deposits on the back WSP compared to
the top WSP (Lake, 1977). However, larger droplets with increased
spreading potential, and thereby the ability to enhance coverage
measurements, are more apt to deposit on horizontal surfaces (Lake,
1977; Thacker and Hall, 1991). A particularly interesting note for
both response variables was that the back WSP (facing away from the
direction of the sprayer) resulted in increased coverage and deposits
compared to the front WSP (facing towards the direction of the
sprayer). Only 1 of 21 nozzle type and application setup
combinations had increased coverage on the front WSP compared
to the back WSP, while 0 of 21 combinations resulted in increased
deposits. Although the downwash from the RPAAS rotors may
partially aid in the explanation of this result (Zhan et al, 2022;
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Delavarpour et al., 2023), since the result was also observed for nearly
all of the ground equipment treatments, this may be more of an
indication of the influence environmental factors, e.g. wind speed and
direction, play in resulting spray dynamics. All applications for this
research were made in one direction, heading directly into a 12 km
hr™! average wind speed. It is hypothesized the force of the wind was a
more influential factor on the emitted droplets than the effect of the
forward travel of sprayers which resulted in more accumulation on
the back WSP.

The Dygs measured from WSP provides an estimate of the
average droplet size depositing onto the target in contrast to the
measured entire droplet size distribution that was characterized
using the laboratory laser diffraction techniques. Overall, the WSP
Dyo5 was smaller for each nozzle type and application setup
combination compared to the laser diffraction measured Dy
excluding two TADF treatments on the top WSP and one XR
treatment on the back WSP (Tables 2, 4, 5). However, the XR Dy 5
on the back WSP was likely a false result due to overspreading and
overlapping of droplets as coverage exceeded 30%. Previous
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TABLE 6 Spray coverage (%) and deposits (# cm™) measured on the front (vertical) water sensitive paper from applications occurring by a remotely
piloted aerial application system (RPAAS) at 18.7 and 46.8 L ha™, and ground spray equipment at 93.5 L ha™ across seven nozzle types

t
or arrangements .

Nozzle type* Application setup Coverage Deposits
% #cm™2
3D-Alternating 18.7 L ha'!, RPAAS 11 f4 22 b-f
46.8 L ha™', RPAAS 0.1 hi 2 h-k
93.5 L ha™, Ground 4.7 ab 141 a
3D-Forward 18.7 L ha'!, RPAAS 0.1 hi 3hk
46.8 L ha'!, RPAAS 4.0 abc 110 ab
93.5 L ha™, Ground 2.5 cde 39 a-e
AITTJ60 18.7 L ha™', RPAAS 0.1 hi 4 fk
46.8 L ha™', RPAAS 0.9 ghi 10 c-i
93.5 L ha'!, Ground 2.3 cf 13 c-h
AIXR 18.7 L ha'!, RPAAS 0.3 hi 4g-k
46.8 L ha'!, RPAAS 13 e 22 b-g
93.5 L ha™!, Ground 1.5e-h 7 e
TADF 18.7 L ha'', RPAAS 0.1 hi 3hk
46.8 L ha!, RPAAS 3.1 bed 48 abc
93.5 L ha'!, Ground 51a 21 b-g
ULD 18.7 Lha'', RPAAS 0.2 hi 2 jk
46.8 L ha', RPAAS 0.7 hi 8 d-j
93.5 L ha™', Ground 1.9d-g 12 ¢-h
XR 18.7 L ha'!, RPAAS 0.1 2 ijk
46.8 L ha™', RPAAS 11 i 43 a-d
93.5 L ha™', Ground 0.5 hi 23 b-e

"Means within a column followed by the same letter are not different according to Tukey’s HSD at 0:=0.05.
#3D-Alternating, 3D-Forward, and ULD, Pentair Hypro, Golden Valley, MN, USA; AITTJ60, AIXR, and XR, Spraying Systems, Inc., TeeJet Technologies, Glendale Heights, IL, USA; TADF,

Greenleaf Technologies, Covington, LA, USA.

research has indicated WSP validity and accuracy decreases in
excess of 17% coverage (Cunha et al., 2012).

On the top WSP, the Dyq5 was relatively unaffected by the
application setup with the only difference occurring when using the
AITTJ60 nozzle on the RPAAS at 18.7 Lha™! (223 um) compared to
the ground equipment at 93.5 L ha™ (327 um) (Table 4). Generally,
the deposited Dy 5 increased across nozzle types in the order of XR
< 3D-forward < 3D-alternating < AITTJ60 < AIXR < TADF < ULD.
The deposited Dy 5 on the back WSP was completely unaffected
across nozzle type and application setup combinations except for
the aforementioned XR nozzle difference which was likely the result
of WSP software measurement limitations. This result also supports
the aforementioned hypothesis that wind speed and direction
impacted droplet deposition to a greater extent than direction of
sprayer travel. As the constant 12 km hr™ wind speed and direction
would move similar sized droplets regardless of application setup
and nozzle type combination, it is logical that similar droplet sizes
would land and be measured on the back WSP.

Frontiers in Agronomy

The Dy 5 on the front WSP was unaffected by the application
setup and nozzle type interaction, but the main effects of nozzle type
(P<0.0001) and application setup (P=0.0004) were significant
(Table 3). The AIXR and ULD nozzles resulted in a greater Dy 5
of droplets depositing on the front WSP compared to the 3D-
alternating and XR nozzles when pooled over application setup
(Table 7). Additionally, the TADF nozzle had a greater Dyg5 of
droplets that deposited on the front WSP compared to the XR
nozzle. When pooled over nozzle type, the deposited Dy, 5 on the
front WSP was greater for the ground equipment at 93.5 L ha™
compared to either RPAAS application setup. Reduced droplet sizes
from RPAAS may be expected due to the rotor downwash creating a
potential wind shear effect that results in smaller droplet size
distributions (Fritz et al., 2014a); however, this effect may be
more complex than originally estimated as some initial attempts
at measuring droplet size with an upstream operational rotor
resulted in an increase in spray droplet size compared to no
operational rotor (Fritz and Butts, 2024). Regardless, more
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TABLE 7 D,o5 (um) measured on the front (vertical) water sensitive
paper as affected by the main effects of application setup [remotely
piloted aerial application system (RPAAS) at 18.7 and 46.8 L ha™, and
ground spray equipment at 93.5 L ha™'] and nozzle type

t
or arrangements .

Main effect

Nozzle typet

3D-Alternating 130 be
3D-Forward 152 abc
AITTJ60 178 abc
AIXR 254 a
TADF 219 ab
ULD 244 2
XR 111 ¢
Application setup
18.7 L ha”! RPAAS 155 b
46.8 L ha! RPAAS 176 b
93.5 L ha Ground 231a

"Means within a main effect followed by the same letter are not different according to Tukey’s
HSD at 0=0.05.

i{_%D—Alternating, 3D-Forward, and ULD, Pentair Hypro, Golden Valley, MN, USA; AITTJ60,
AIXR, and XR, Spraying Systems, Inc., TeeJet Technologies, Glendale Heights, IL, USA;
TADEF, Greenleaf Technologies, Covington, LA, USA.

research is needed to fully characterize and understand droplet size
distribution formation from RPAAS.

In addition to determining and understanding the Dyys of
deposited droplets on WSP, a relationship was evaluated between
the measured WSP Dy, s and the standardized percentage of the
WSP Dy 5 divided by the laboratory measured Dyq5 (Figure 2;
Table 8). Results indicated best fit models for three distinct nozzle
groupings: non-venturi (3D-alternating, 3D-forward, and XR),
single-fan venturi (AIXR and ULD), and dual-fan venturi
(AITTJ60 and TADF) with correlation coefficient values of 0.96,
0.99, and 0.99, respectively (Table 8). For all nozzle types and
application setups evaluated, the WSP measured D, 5 was smaller
than the laboratory measured Dy 5 (Figure 2). The measured Dy 5
as a percentage of the laboratory measurements ranged from
approximately 60% to 85% for both non-venturi and single-fan
venturi nozzle groupings, while for dual-fan venturi nozzles it
ranged from approximately 40% to 65%. It is unclear where the
larger droplets may have deposited that resulted in reduced Dy 5
diameters on the WSP. As the trends were consistent within nozzle
type groupings across application setups, it would indicate the
influence of RPAAS versus ground application equipment did not
play a role in which droplet diameters deposited on the cards. It
may be an indication that the larger droplet diameters were not
deposited directly in the center of the flight or drive path and
instead were deposited on the outer margins of the nozzle spray
patterns. Further research is needed with multiple sampling points
across the spray swath to validate this hypothesis. Overall, these
comparative Dy 5 results provide a predictable relationship between
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WSP measured and laser diffraction laboratory measured Dy 5 as a
function of nozzle type design. This can be useful in future research
projects to make predictions between laboratory and field
measurements if only one data source is available to the researchers.

3.3 Total coverage and total deposits from
water sensitive paper

Following the summation of results from the three WSP
locations to provide a measurement of holistic spray coverage and
deposits, a significant application setup by nozzle type interaction
occurred for both total coverage (P<0.0001) and total deposits
(P<0.0001) (Figures 2, 3).

The greatest total coverage (>50%) occurred from the ground
equipment at 93.5 L ha™ using an XR nozzle (Figure 3). However, 5
of the 8 nozzle type and application setup combinations that
achieved at least 20% total coverage occurred from the RPAAS at
46.8 L ha™'. None of the nozzles equipped on the RPAAS applied
using 18.7 L ha™ provided greater than 8% total coverage. The total
coverage results would indicate the XR, 3D-alternating, or 3D-
forward nozzle types and the AITTJ60, 3D-alternating, or AIXR
nozzle types would enhance total holistic coverage from the ground
and RPAAS (46.8 L ha') equipment, respectively. When RPAAS
was operated at 18.7 L ha’}, the nozzle effect on total coverage was
greatly minimized, and any nozzle evaluated, excluding the ULD,
could be used, albeit with reduced total coverage potential
compared to the other application setups. This result is similar to
previous RPAAS research that indicated droplet size had a greater
impact on spray coverage when spray volume increased (Shan
et al., 2021).

The greatest total deposits (nearly 1,400 cm™) also occurred
from the ground equipment at 93.5 L ha™ using an XR nozzle
(Figure 4). But similarly to the total coverage, 5 of the 8 treatments
that provided the greatest total deposits (>600 cm™) occurred from
the RPAAS at 46.8 L ha™'. The RPAAS using 18.7 L ha™ equipped
with the 3D-forward, XR, and AITTJ60 nozzles was more effective
for total deposits than total coverage as they provided equivalent or
greater total deposits than the AITTJ60, ULD, and TADF equipped
on the ground equipment at 93.5 L ha™". Based on total deposits, the
same nozzles (XR, 3D-forward, and 3D-alternating) from the
aforementioned total coverage results would be recommended for
use on ground spray equipment. However, the XR, 3D-forward, and
3D-alternating provided the greatest total deposits when operated
on the RPAAS at 46.8 L ha™l. As a result, it may be advisable to use
the 3D-forward nozzle type and arrangement on an RPAAS as it
was a top 3 option for maximizing both total coverage and total
deposits for both spray volumes. Additionally, the AITTJ60, AIXR,
and TADF nozzles may be recommendable options for use on
RPAAS systems, particularly at 46.8 L ha™, as they improved both
total coverage and total deposits compared to ground spray
equipment at 93.5 L ha™'. Even further, these nozzle types may be
optimum options for RPAAS use across different scenarios as they
produced the greatest droplet sizes and spray classifications
(Extremely Coarse, Very Coarse, and Extremely Coarse
respectively) (Table 2), and as a result would reduce spray drift
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FIGURE 2

Relationship between D, o5 measured on the top water sensitive paper (WSP) and the WSP D, 5 expressed as a percentage of the laboratory
measured Dy 5. Linear regressions were fit for three nozzle groupings [Non-venturi (3D-Alternating, 3D-Forward, and XR; black dashed line), Single-
fan venturi (AIXR and ULD; gray dashed line), and Dual-fan venturi (AITTJ60 and TADF; green dashed line)] across application setups.

potential (Hunter et al., 2020a; Bonds et al., 2023; Martin
et al., 2024).

The summation of these results indicates that there is a high
potential for RPAAS applications, particularly at 46.8 L ha™, to be
successful as they consistently provided equivalent coverage and
deposits compared to ground equipment at 93.5 L ha™ across
multiple tested nozzle types. The results of this current research
corroborate previous RPAAS research that indicated greater spray
volumes paired with coarser droplet producing nozzles enhanced
deposition and pest control (Wang et al., 2019). Although promising
results were obtained with a RPAAS at 46.8 L ha’, the reduced
coverage and deposits observed from a RPAAS at 18.7 L ha is
troubling as many commercial RPAAS operators are currently
applying pesticides using 9.4 to 28.1 L ha™ (T.R. Butts, personal
observation). Additionally, this reduced spray volume of 18.7 L ha™ is
often below pesticide label mandated spray volumes resulting in
illegal applications. This research did not evaluate pesticide efficacy;
however, other research has identified that RPAAS with similar levels
of deposition and coverage have been successful at managing insects
(Qin et al., 2016; Huang et al., 2023), weeds (Hunter et al., 2020b),

diseases (Wang et al, 2019; Delavarpour et al, 2023), and crop
desiccation (Liao et al, 2019). Despite this, further research is
required to determine subsequent pesticide efficacy from a RPAAS
across a range of application parameters like active ingredients, flight
speeds, flight heights, and nozzle selection in conjunction with the
ultra-low spray volumes to aid in applicator decision-making and
provide a basis for potential amendments to future pesticide labels.

4 Conclusions

A RPAAS at 46.8 L ha™' provided similar or greater coverage and
deposits to the ground equipment at 93.5 L ha™ across all nozzle types
evaluated, excluding the XR nozzle. The RPAAS at 18.7 L ha™
generally resulted in reduced coverage (<9% total coverage) and
deposits (<350 total deposits cm™) regardless of nozzle type evaluated
compared to the other two application setups. Deposited Dy s
measured using WSP was generally smaller than the entire droplet
distribution measurements from laser diffraction techniques, and
minimal differences across application setups within a nozzle type

TABLE 8 Linear regression coefficients (y=mx+b), correlation coefficients (r), and R? values for the relationship between D, 5 measured on the top
water sensitive paper (WSP) and the WSP D, 5 expressed as a percentage of the laboratory measured D, s averaged across application setups.

Nozzle groupings’

Non-venturi 0.39 11.19 0.96 0.93
Single-fan venturi 0.27 -10.13 0.99 0.98
Dual-fan venturi 0.19 -0.64 0.99 0.98

Non-venturi nozzles: 3D-Alternating, 3D-Forward, and XR; Single-fan venturi nozzles: AIXR and ULD; Dual-fan venturi nozzles: AITTJ60 and TADF.
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FIGURE 3

Total spray coverage (%) determined from water sensitive paper as impacted by seven nozzle types or arrangements across three application setups

[remotely piloted aerial application systems (RPAAS) at 18.7 and 46.8 L ha™, and ground spray equipment at 93.5 L ha

were detected. It may be an indication that the larger droplet
diameters were not deposited directly in the center of the flight or
drive path and instead were deposited on the outer margins of the
nozzle spray patterns, particularly with dual-fan nozzles. Overall,
these comparative Dygs results can be useful in future research
projects to make predictions between laboratory and field
measurements if only one data source is available to the researchers.

Overall, nozzles that produced smaller droplet sizes (XR, 3D-
alternating, and 3D-forward) would be recommended for use to
enhance coverage and deposition from ground spray equipment;

-

however, spray drift concerns may alter these recommendations.
Generally, the 3D-forward nozzle type and arrangement would be
recommended on an RPAAS regardless of spray volume when
spray drift is less concerning to maximize coverage and deposits.
The AITTJ60, AIXR, and TADF nozzle types may be optimum
options for RPAAS use though, particularly at 46.8 L ha™!, as they
improved total coverage, total deposits, and estimated recovery
rate compared to ground spray equipment at 93.5 L ha™', and
produced the greatest droplet sizes which would reduce spray
drift potential.

1600 || gy 18.7L ha' RPAAS |~

mm 46.8L ha~' RPAAS
B 93.5L ha~!' Ground

1400
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Total deposits (# cm ~2)
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3D-Alternating 3D-Forward ~ AITTJ60

FIGURE 4

Nozzle type

Total spray deposits (# cm™?) determined from water sensitive paper as impacted by seven nozzle types or arrangements across three application

setups [remotely piloted aerial application systems (RPAAS) at 18.7 and 46.8 L ha™’, and ground spray equipment at 93.5 L ha
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Results of this research demonstrated coverage, deposits, and
droplet size obtained in the center of the spray pass from RPAAS at
46.8 L ha' can be equivalent to ground spray equipment at 93.5
L ha across a range of nozzle types and therefore may be a viable
option for effective pesticide applications. Applications using RPAAS
at 18.7 L ha™' resulted in considerably less coverage and deposits
across nozzle types evaluated, and would be at risk for reduced
pesticide efficacy. Further research is required to evaluate whether
these coverage and deposit amounts from RPAAS at ultra-low
volumes would be sufficient to maintain pesticidal efficacy across
active ingredients and a wide range of application parameters.
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