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Abstract

Currently, the concept of plant capture efficiency is not quantitatively considered
in the evaluation of off-target drift for the purposes of pesticide risk assessment in
the United States. For on-target pesticide applications, canopy capture efficiency is
managed by optimizing formulations or tank-mixing with adjuvants to maximize
retention of spray droplets. These efforts take into consideration the fact that plant
species have diverse morphology and surface characteristics, and as such will retain
varying levels of applied pesticides. This work aims to combine plant surface wetta-
bility potential, spray droplet characteristics, and plant morphology into describing
the plant capture efficiency of drifted spray droplets. In this study, we used wind
tunnel experiments and individual plants grown to 10-20 cm to show that at two
downwind distances and with two distinct nozzles capture efficiency for sunflower
(Helianthus annuus L.), lettuce (Lactuca sativa L.), and tomato (Solanum lycoper-
sicum L.) is consistently higher than rice (Oryza sativa L.), peas (Pisum sativum L).
and onions (Allium cepa L.), with carrots (Daucus carota L.) showing high vari-
ability and falling between the two groups. We also present a novel method for
three-dimensional modeling of plants from photogrammetric scanning and use the
results in the first known computational fluid dynamics simulations of drift capture
efficiency on plants. The mean simulated drift capture efficiency rates were within
the same order of magnitude of the mean observed rates of sunflower and lettuce,
and differed by one to two orders for rice and onion. We identify simulating the
effects of surface roughness on droplet behavior, and the effects of wind flow on
plant movement as potential model improvements requiring further species-specific

data collection.

1 | INTRODUCTION

Abbreviations: CFD, computational fluid dynamics; PAT, pesticide

application technology.

Applying pesticides in a manner that optimizes plant pro-
tection effectiveness and reduces off-target movement is a
highly technical process that may be complicated by various
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operational and environmental factors (Frankel, 1986; Nuyt-
tens et al., 2006a; Nuyttens et al., 2006b). Research has shown
that nozzle type, target crop growth habit, leaf surface rough-
ness, wind speed, atmospheric turbulence, air temperature,
and humidity can all affect pesticide capture efficiency, com-
monly measured as the area-normalized quantity of pesticide
deposited on the target plant (Baker et al., 1983; Boize et al.,
1976; Chowdhury et al., 2005; Sanyal et al., 2006). However,
there is limited prior research focused on how these factors
affect pesticide capture efficiency of spray drift for different
off-target plant species. As such, nontarget organism expo-
sure assessments for regulatory purposes typically assume
that 100% of drift in the vicinity of nontarget plant species
is captured by the canopy, and do not account for the unique
physical properties of individual plant species or canopy types
(Forster et al., 2012). Therefore, current guidance for deter-
mining spray drift buffers may lead to overestimation of the
distance required to prevent off-target drift reception from
exceeding effects thresholds. Improving the accuracy of mod-
els for quantifying the magnitude and subsequent implications
of off-target pesticide transport via spray drift is critical to
estimating ecological exposure and inferring potential impact
on adjacent crops and non-target species. Thus, the primary
goal of this research is to investigate variability of capture
efficiency between plant species in the presence of drift
spray droplets in order to improve understanding of off-target
impacts of pesticides.

Another significant impediment in the advancement of reg-
ulatory models is that they are typically two dimensional.
Two-dimensional modeling has been useful in predicting fate
and transport in very specific conditions but cannot fully
account for turbulent airflow that may be created in com-
plex plant canopies, ambient wind conditions, sprayer fans
(Hong et al., 2021), or emerging technologies such as applica-
tions from Unmanned Aircraft Systems. Modeling the effects
of turbulent airflows on the fate and transport of pesticide
particles has the potential to increase the accuracy of risk
assessments and improve design of nontarget drift studies.

Perhaps the most promising tool for modeling turbu-
lent airflows in pesticide applications is computational fluid
dynamics (CFD). Generally, CFD uses numerical analysis to
solve problems involving fluid flows. In the case of pesti-
cide application studies, CFD is typically applied by dividing
fluid domains into individual mesh cells and solving the
Navier-Stokes equations for each cell for multiple iterations
before the velocity and turbulence terms are resolved. To
date, researchers have used three-dimensional (3D) mod-
eling in CFD software to simulate entrained air currents,
droplet release, turbulent air flows in plant canopies, and spray
droplet retention on leaf surfaces (see Hong et al., 2021 for
a full review). However, each of these elements can require
enormous computational resources, and no research has yet
combined them to model drift deposition on plants. The lack

Core Ideas

 Pesticide risk assessments assume complete cap-
ture of spray drift and in reality capture efficiency
varies by species.

* Capture efficiency is dependent on surface wetta-
bility and orientation.

* Numerical models and digital photogrammetry can
be used to simulate spray drift experiments.

of comprehensive models for drift deposition on plants is
partially due to the difficulty of accurately modeling plant
canopy geometry. Photogrammetric scanning has been used
to triangulate key features that are used as the basis for build-
ing 3D plant models for other applications but has not yet
been employed for CFD modeling. Photogrammetric scan-
ning itself can be challenging due to self-occlusion by plant
organs (Yan et al., 2014), small features that are difficult to
photograph (Wen et al., 2018), and movement during the scan-
ning process by plants that are variably rigid (Nguyen et al.,
2016). The secondary goal of this research is to model vari-
ability in drift capture efficiency due to plant shape by using
photogrammetric models in CFD modeling.

2 | METHODS

2.1 | Wind tunnel capture efficiency
experiments

2.1.1 | Wind tunnel trials configuration
Area-normalized deposition on plants following spray appli-
cations were compared in an indoor wind tunnel in order
to determine how capture efficiency varies by plant species.
We calculated area-normalized deposition for all combina-
tions of two nozzle types (air induction flat spray AIXR
TeelJet 11003 and wide-angle flat spray TTI TeeJet 11003),
two downwind distances (4.5 m, a distance used for veg-
etative filter strip placement and 7.6 m, used for no spray
buffer distances for sensitive areas (Syngenta, 2013; USEPA,
2008; USEPA et al., 2020), and common cultivars of seven
plant species grown to target heights between 10-20 cm and
two—three leaves for onions (carrot—Nantes Coreless [Dau-
cus carota L.], lettuce—Parris Island COS [Lactuca sativa
L.], onion—Caribbean Garden Seeds Red Onion [Allium cepa
L.], peas—Cascadia Sugar Snap [Pisum sativum L.], rice—
RexRice [Oryza satival..], sunflower—AMS7110 Black Oil
[Helianthus annuus L.], tomato—Quali T 47 [Solanum lycop-
ersicum L.]). We completed six repetitions for each of the 14
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steel rods

steel disc

FIGURE 1

combinations of plant species and nozzle in randomized order
for a total of 84 trials, and each trial contained plants at both
downwind distances.

The wind tunnel itself is located at the University of
Nebraska Pesticide Application Technology (PAT) Labora-
tory in North Platte, NE and measured 10.7-m long, 1.2-m
wide, and 1.2-m tall. Two nozzles vertically oriented toward
the ground were spaced at 50 cm intervals on a spray boom,
which was perpendicular to and centered across the wind tun-
nel width and 50 cm above spray drift receptors (Figure 1).
The spray drift receptors at each downwind distance consisted
of a single potted plant situated between two paired com-
binations of stainless-steel discs with 12-cm diameter and a
stand containing 10 stainless-steel rods that were 10-cm long
with 20-mm diameter. Stainless steel receptors were chosen as
benchmarks for comparison to the deposition rates measured
in plants since they are commonly used in drift deposition
studies (Munjanja et al., 2020), with vertical rods known to
have significantly higher capture efficiency than disks (Brain
et al., 2019). An additional set of negative control rods was
situated 90 cm upwind of the spray boom. All receptors,

’7 1.2m —‘

1.2m

Wind tunnel schematic and simulation domain used in CFD modeling of spray trials. CFD, computational fluid dynamics.

including plants and stainless-steel instruments were held sta-
ble in plastic containers 37 cm above the ground surface. The
plants were centered across the width of the wind tunnel, but
due to the dimensions of the containers, the rods and discs on
the left side facing downwind were 30 cm to the left of the
plants, while those on the right were 37 cm to the right of the
plants. This arrangement likely led to lateral variation in drift
deposition for the rods and discs. Since the plants at the 7.6 m
distance were sited directly downwind of the 4.5 m plant, it
is expected that plants located at the 4.5 m distance may have
intercepted droplets that would have moved to the 7.6 m recep-
tors. Of course, in reality, these row crops are grown in larger
and denser configurations, with each plant likely affecting the
airflow and associated deposition of its neighbors. However,
scoping studies showed that simulating airflow and deposition
for alarge cluster of plants is beyond our computational capac-
ity. Therefore, we elected to isolate the shape of a single plant
canopy and its surface characteristics as the explanatory vari-
ables for our studies of variability in drift capture efficiency.
Here we also assume that the differences observed between
species in drift capture efficiency are functions of differences
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in plant characteristics and that these differences also exist in
row crop formations, while recognizing that the magnitude of
the differences would likely change to some degree.

2.1.2 | Spray application and recovery

Prior to spray application, air was pulled through the tun-
nel via fans until it reached a steady target wind speed of
4.5 m/s (~10 mph). This speed was chosen as it is the upper
limit of permitted wind speeds for applications of many pes-
ticides (Kruger, 2018), and scoping studies showed that, for
some plants, at lower wind speeds drift deposition was below
the limit of quantification. A 3% aqueous suspension of p-
toluene sulfonic acid tracer was then applied for 4 s at 2.76 bar
during each trial. This pressure is recommended by the man-
ufacturer as excellent for drift management, producing very
coarse droplets for the AIXR nozzle and ultra-coarse droplets
for the TTI nozzle. The target quantity of solution applied was
150 g, and the measured quantity applied averaged by species
and nozzle was 148.1-151.5 g, with a maximum range of 7 g.
Because the target application rate was not achieved during
one AIXR lettuce trial and one AIXR rice trial they were
excluded from further analysis. Following application, spray
droplets were allowed to settle for 1 min before drift receptors
were collected. The target temperature and relative humidity
conditions were 20°C and 55%, respectively, and recorded at
1-min intervals during the trials.

The quantity of spray captured by the plants, rods, and discs
was measured by rinsing the receptors with isopropanol and
estimating the mass of the analytical tracer in the remaining
solution via fluorescence spectrophotometry with an Ocean
Optics Flame S spectrometer. Since mass was calculated as
a product of fluorescence using linear regression modeling
some of the calculations returned negative mass values. In
these cases, the mass was assumed to be equal to the lowest
reported positive value, 0.005 pg.

2.1.3 | Plant shape and surface
characterization

Plants were grown indoors to a target maturity of 10- to 20-
cm tall, or two—three leaves per plant for onions. The surface
area of the plants was measured or modeled in a hierarchi-
cal fashion (Table 1). The primary and most accurate source
was from 3D models completed for two plants each for rice,
onion, sunflower, and lettuce in preparation for CFD model-
ing (see plant canopy model). When that was not available
the secondary source was from flatbed scans of leaves for
six plants randomly selected from all species. When nei-
ther measure was available for an individual plant, the third
source was from calculating the ratio of surface area to dry

weight for the plants measured using the first two methods and
multiplying the average ratio per species by the dry weight of
the remaining plants.

Static contact angle measurements were taken at the
PAT Laboratory using an OCA15EC optical contact angle
goniometer manufactured by DataPhysics Instruments USA
Corp. for each plant species by applying five drops of the
spray solution on each of five tissue samples collected from
the top, middle, and bottom of each species. These data pro-
vided information about the relative wettability of each of the
species tested at the respective stage of growth.

2.1.4 | Statistical analysis

Differences in capture efficiency between plant species were
evaluated through statistical comparisons of means, parti-
tioned by plant species, nozzle, and downwind distance.
Capture efficiency was calculated as area-normalized depo-
sition of dye mass (ug/cm”) for each receptor. Pairwise
comparisons of means between all species were conducted
using the independent ¢-test where the data were normally dis-
tributed (Shapiro-Wilk test, « = 0.05) and variance is equal
(Levene’s test, a = 0.05). When pairs did have normal dis-
tributions but did not have equal variance Welch’s 7-test was
used. When they were not normally distributed the nonpara-
metric Kruskal Wallis test was used (¢ = 0.05). We also
conducted Kruskal Wallis tests for sets of the rods and discs,
organized by species, distance, and nozzle as standards to test
for any unintended variability in the quantity of drift present
between trials.

2.2 | Computational fluid dynamics model
formulation

2.2.1 | Atmospheric fluid model

The standard Shear Stress Transport k-0 model as imple-
mented in Fluent (ANSYS, Inc., 2022a) was used to model
airflow. This model solves the Reynolds-averaged Navier-
Strokes equations by simplifying the Reynolds stresses into
two turbulence quantities, k and w. This has been shown to
provide accurate and reliable calculations for a wide class of
flows (ANSYS, Inc., 2022b). A no-slip condition was applied
at the walls of the domain so that the airflow is limited to
zero velocity in these areas. We also used a production limiter
equation to limit excessive generation of turbulence energy in
the vicinity of stagnation points (Menter, 1994).

A simulation domain was drafted to match the dimen-
sions of the indoor wind tunnel (Figure 1). The downwind
end of the wind tunnel was modeled as a mass-flow out-
let boundary, with a mass flow rate of 8.1 kg/s which
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TABLE 1 Mean surface area, mass, and surface area to mass ratios by species.
3D model surface Scanned surface Model surface

Species Height (cm) area (cm?) area (cm?) Dry mass (g) Surface area:mass  area (cm?)
Carrot 10.9 - 432 0.05 659.8 31.1
Lettuce 13.9 470.2 602.0 0.65 817.1 532.0
Onion 30.8 81.8 57.4 0.12 536.1 59.8
Pea 16.3 - 152.2 0.22 754.7 167.9
Rice 17.5 11.9 9.5 0.02 749.6 10.8
Sunflower 19.9 366.7 294.7 0.51 520.5 262.4
Tomato 12.6 - 245.8 0.38 537.5 202.6

Note: Individual plant model surface area is first assigned 3D model surface area, then scanned surface area, then calculated from dry mass and mean species surface

area:Mass if the other sources are not available. For height, n = 12, 3D model surface area n = 2, scanned surface area n = 6, dry mass n = 24.

Abbreviation: 3D, three-dimensional.

corresponds to the rate of airflow at the 4.5 m/s target wind
speed across the wind tunnel inlet. The inlet was modeled
as a pressure inlet boundary with 0 Pa gauge total pressure
(i.e., at atmospheric pressure), flowing normal to the bound-
ary. The turbulence is specified with a turbulent intensity of
0.5% calculated from 3D anemometer data collected at 1 s
intervals for 10 min in the center of the inlet. We then selected
a turbulent viscosity ratio (turbulent viscosity/fluid physical
viscosity) of one which generally corresponds with equally
low turbulence environments (Rumsey, 2019). Given the low
turbulence of the wind tunnel air stream, and the high com-
putational demands of simulating airflow around complex
plant geometry, a pressure-based steady-state solution was
calculated.

2.2.2 | Plant canopy model

We used digital photogrammetry scans of selected experi-
mental plants to generate 3D plant canopy models for use in
the CFD simulations. Given the time- and computationally-
intensive nature of plant modeling and CFD simulations, we
limited the modeling to two species each from the high and
low capture efficiency groups, using the same plants that were
used in a randomly selected AIXR trial. We selected plants
from the AIXR trials since early scoping experiments had
shown that the magnitude of the residues on the plants would
likely be higher for this nozzle and less sensitive to experimen-
tal noise (Padilla et al., 2018), and comparisons of mean plant
height between nozzles (Welch’s #-test, a = 0.05) showed no
significant variation. We found that modeling carrot geometry
was not feasible since photogrammetric scans of the very fine
leaves yielded insufficient data for reconstructing the plant
canopy.

We used an EinScan Pro 2X photogrammetric scanner
manufactured by Shining 3D, to generate 3D point clouds
of the selected plants at the PAT Laboratory immediately
before spray application, and used Meshlab (Cignoni et al.,
2008) to convert the point clouds into watertight models of the

.\ y /. a*
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lettuce onion rice sunflower
FIGURE 2 Examples of plant models derived from digital

photogrammetry scans and used in CFD modeling. CFD,
computational fluid dynamics.

plants suitable for use in CFD modeling (Figure 2). The point
clouds were of very high resolution (0.2 mm minimum sample
distance) and accuracy (0.05 mm). However, models of plants
in the size range of the experimental plants generated from
a point cloud with these qualities would consist of millions
of small faces. This would be problematic in CFD simula-
tions of our experiments, in which the fluid domain of the
wind tunnel must first be discretized into a 3D mesh, com-
prised of faces that correspond to the size and shape of the
plant models at the plant-volume interface. Beginning with
extremely small plant faces results in highly distorted volume
mesh elements which are numerically unstable in the CFD
solver. Extremely small plant faces also result in an excessive
number of mesh elements, leading to unreasonably long simu-
lation times in the CFD solver. As such, the initial point clouds
were first subsampled to a 0.5 mm sample distance, and ini-
tial surfaces were generated using the ball pivoting algorithm
with a 0.5 mm radius (Bernadini et al., 1999). For the lettuce,
sunflower, and rice models, the flattened leaves were then sep-
arated from the stems, offset to match the mean thickness of
leaves measured on site throughout the plants (n = 6), and
reattached to the stems. The initial watertight models varied
in size by species: lettuce ~4 million, sunflower ~3 million,
rice ~300k, onion ~60k. Through iterative testing we found
that the resulting watertight models ultimately needed to be
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simplified to approximately 8000 faces per plant in order for
the sizes of the faces to be large enough that they could be used
to successfully generate a stable volume mesh. Some regions
of the plant surfaces were either occluded from the scanner,
too glossy to be triangulated, or formed features that were too
small to register in multiple images. In these cases, reference
photos of the plants were used to manually edit the meshes
to match the shapes of the plant subjects. We also recorded
the approximate orientation of the plants as they were placed
in the wind tunnel and replicated that orientation in the CFD
models.

2.2.3 | Droplet spray and deposition model
Injection profiles were generated from spray droplet veloc-
ity and dimension data collected at the West Jefferson, Ohio
Battelle campus with an VisiSize P15 particle size analyzer
manufactured by Oxford Lasers and used to simulate spray
applications in the CFD models. For each nozzle, the instru-
ment took measurements by scanning the entire width of the
spray plume 165 mm below the nozzle while spraying water
at 2.76 bar, the same pressure used in the experimental trials.
This process was repeated in triplicate while ensuring that suf-
ficient droplets (average 25,000 per replicate) were measured
in order to provide accurate size and velocity data. The nozzle
spray droplet size data showed that the AIXR nozzle produced
droplets with average Dv10, Dv50, and Dv90 (10%, 50%, and
90% of the spray volume contains droplets smaller than the
specified diameter, respectively) of 142, 389, and 646 pm,
respectively, with 10.2% of the droplets (by volume) under
141 pm. The AIXR nozzle produced finer droplets than the
TTI nozzle for which the average Dv10, Dv50, and Dv90 were
319, 758, and 1284 pum, respectively, and 1.7% of the droplets
(by volume) were under 141 pm. These droplet size distribu-
tions are consistent with approximate figures provided by the
manufacturer.

During spray application simulation, discrete liquid
droplets are released into a continuous airflow. The droplets
are modeled as inert, rotating, ellipsoidal point mass particles
with sphericity derived from spray characterization data
(0.88 for AIXR, 0.91 for TTI) and used to calculate non-
spherical drag coefficients (Haider & Levenspiel, 1989). The
droplet size and velocity distributions of the simulated spray
applications are generated from spray characterization data
to replicate 1 s of the measured flow rates of each nozzle.
Droplets are released into the airflow from random positions
within an ellipse located 165 mm below the spray boom
(matching the distance from nozzle where the spray has
been measured). Droplets are also constrained to match the
110° width and 6° depth of the fan-shaped sprays produced
by the AIXR and TTI nozzles. The simulated deposition
is then multiplied by four to match the 4 s duration of the

experimental trials. Stochastic tracking of particle paths
was used, including a discrete random walk model. These
incorporate the random effects of local turbulence velocity
on particle dispersion by including the instantaneous value of
the fluctuating gas flow velocity in addition to the mean fluid
phase velocity in predictions of particle trajectories (ANSYS,
Inc., 2022b). The trajectory is computed in this manner for
a representative number of particles (here we specified 20
particles and the default time constant of 0.15) to determine
the random effects of turbulence which are then applied to
particle dispersion. The limits of this model include the fact
that variability in plant surface characteristics is not modeled,
so droplets that collide with any surface are assumed to be
fully trapped, when in reality droplets are known to bounce
or shatter during impaction, and that the droplets will not
interfere with one another. For each plant species, replicates
of the deposition trials were simulated by applying the three
separate injection profiles for each of the two nozzles to the
same set of two 3D plant models. We then calculated the
model bias as the ratio of the modeled deposition averaged
by species, nozzle, and distance to the observed deposition
averaged by species, nozzle, and distance.

3 | RESULTS AND DISCUSSION

3.1 | Wind tunnel capture efficiency
experiments

Statistical comparisons of observed area-normalized means in
drift capture efficiency show that across nozzles and distances
there are statistically significant differences in most compar-
isons. Observed capture efficiency summarized by species,
nozzle, and distance is presented in Figure 3. Species sum-
maries are ordered high to low by mean deposition observed
in the AIXR 4.5 m measurements, and statistically distinct
species are labelled by letters. Generally, there appear to be
two distinct groups of plants: those with high capture effi-
ciency (tomato, sunflower, lettuce, carrot), and those with low
capture efficiency with some variance between members of
the group (pea, rice, onion). As expected, discs show capture
efficiency that falls between the two groups and the rods show
the highest drift capture efficiency (Brain et al., 2019). Ellis
et al. (2018) postulated that based on the plant’s shape, size,
and movement in wind, collection efficiency of plants would
be lower than the vertical rods. Ellis and co-authors stated that
the vertical rods were designed to be relatively efficient in
capturing airborne sprays (~80%).

The high degree of control of operational parameters for
the spray applications and the consistency in the variability of
capture efficiency between species across nozzle types and
downwind distances, indicates that the observed variability
is due to the characteristics of the receptors themselves. The
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analysis of variance of deposition on rods and discs between
species, partitioned by nozzle and distance, showed no sig-
nificant variance, the measured quantity of spray solution
released did not vary by more than 4%, and no solution was
detected on the control rods. Meteorological conditions were
also stable between trials; temperature and relative humidity
(RH) values averaged by species and nozzle were 20.9-21.1°C
and 54%-55% RH.

It appears that the primary sources of the variability in
capture efficiency between receptors are surface character-
istics and receptor shape. The orientation and roughness of
the leaves are known to be important since they have been
shown to affect whether droplets adhere, bounce, or shatter
when impacting plant surfaces (Delele et al., 2016). Previous
research has shown low capture efficiency of on-target spray
applications being associated with low wettability (Fang et al.,
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2019; Wei et al., 2020). Our results are consistent with those
findings, the plants that showed low drift capture efficiency
also had low wettability (indicated by high contact angles:
onion 103°, pea 120°, and rice 128°). Except for tomatoes,
the plants with high deposition also showed higher wetta-
bility based on lower contact angles (lettuce 60°, sunflower
68°, and carrot 94°). The low capture efficiency plants are
also notable for having narrow or fine leaves and stems that
were observed to bend and sway significantly during the wind
tunnel capture efficiency experiments, conforming to the air-
flow direction. In contrast the high capture efficiency plants
have larger leaves and stiffer stems likely had more surface
area that was not oriented with the wind flow direction. The
high capture efficiency observed in the steel rods relative to
the steel discs also illustrates the effect of vertical orienta-
tion resulting in greater capture efficiency. The tendency of
capture efficiency to be responsive to contact angles is illus-
trated here through regression analyses which show consistent
mid-level coefficients of determination across nozzles and
downwind distances (Figure 4). Some of the error in these
regression analyses is likely due to difference in plant canopy
shape factors such as leaf orientation. Note that these results
show the tomato plants with high capture efficiency, despite
the measured contact angle being greater than 90°, which has
been reported as the transition point beyond which wettability
declines (Tanaka et al., 2014). However, these contact angle
values for tomato plants are approximately 20° greater than
when measured with water alone (Fernandes et al., 2014) and
are approximately 60° greater than when measured in a similar
previous scoping study (Dunne et al., 2020).

The observed variability of drift capture efficiency is an
important factor that should be considered in regulatory mod-
eling. Without accounting for the characteristics of plants that

Linear (4.5m) ------ Linear (7.6 m)

Relationship between average species contact angle (n = 25) and log of area-normalized deposition (n = 6).

reduce drift capture efficiency, regulators are possibly over-
estimating the magnitude of drift exposure and its effects.
Furthermore, given the basic knowledge of the relationships
between plant characteristics and drift capture efficiency, it
appears that further research investigating a wider range of
plant types could potentially yield predictive models that
could be extended to other crops and endangered species risk
assessments.

3.2 | CFD simulation of capture efficiency
Modeled deposition was typically within an order of mag-
nitude of observed deposition across species, nozzles, and
downwind distances. The most significant exception is for the
steel discs, where the model showed no deposition except at
15 ft during the TTT trials. Model bias of the CFD simulations
of drift capture efficiency is presented in Table 2. The data
for rods and discs are reported by lateral position since they
were not evenly spaced across the width of the wind tunnel
and varied in deposition. Note that the variability in deposi-
tion between replicates of CFD simulations is due solely to
differences in the three replicates of spray characterization
data used in modeling, whereas the shape and orientation of
the plant canopies varied somewhat between replicates of the
experimental trials. This is a shortcoming of the model that
could be improved upon in future work, potentially by sim-
ply rotating the plant models or using numerous individual
plant models, but doing so requires generating new meshes,
solutions, and particle trajectories each time.

While other studies have successfully simulated drift depo-
sition using CFD on manufactured receptors such as filter
paper (Baetens et al., 2007), or rods and pipe cleaners within
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TABLE 2 Results of the CFD simulations of drift capture
efficiency.
Distance Model bias
Receptor Position (m) AIXR TTI
Disc Left 4.5 0.00 27.26
Right 4.5 0.00 0.52
Left 7.6 0.00 0.00
Right 7.6 0.00 0.00
Rods Left 4.5 4.83 3341
Right 4.5 5.93 42.07
Left 7.6 5.97 31.25
Right 7.6 4.51 18.97
Lettuce 4.5 0.23 1.21
7.6 0.29 1.31
Onion 4.5 60.67 230.70
7.6 78.79 123.05
Rice 4.5 9.06 198.12
7.6 59.00 52.28
Sunflower 4.5 0.15 1.24
7.6 0.20 0.69

Note: Model bias, mean modeled/mean observed. n = 3 for modeled and n = 6 for
observed.
Abbreviation: CFD, computational fluid dynamics.

or near tree canopies (Duga et al., 2017; Endalew et al., 2010;
Endalew et al., 2011; Hong et al., 2018), this is the first time
to our knowledge that deposition on entire plants has been
directly simulated and validated. While the aforementioned
studies did show better agreement for the receptors they stud-
ied, they also showed model bias that varied with operational
factors such as nozzle type and distance from nozzle. The
results found in these studies indicate that while the CFD
modeling framework has the potential to provide researchers
with the capacity to rapidly and accurately explore numer-
ous combinations of spray drift experimental variables, more
work is needed to develop stable models of drift deposition.
The species showing higher than observed drift capture
efficiency, onion and rice, are both species that showed
low drift capture efficiency in the wind tunnel experiments
and low wettability from contact angle measurements. The
opposite holds true for lettuce and sunflower, which showed
relatively higher deposition in the experimental trials, lower
than observed modeled deposition for the AIXR nozzle, and
high wettability. For onion and rice the high model bias is
likely due to the following factors: (1) the modeled plants are
inert and did not bend as they did during experiments, and
(2) all droplets impacting the plant surface are assumed to
be deposited. In reality, the wind bent the onion and rice so
that the leaf surfaces were oriented with the airflow, which
would increase the angle of incidence and reduce the likeli-
hood that a droplet adheres to the plant surface. In contrast,

the low model bias of the sunflower may be due to the fact
that during the experimental trials, bending in the wind may
have increased drift capture efficiency when flat and level
leaves bent and had their undersides exposed, creating tur-
bulence and low incidence angles with impacting droplets.
In addition, the low wettability of the onion and rice indi-
cates that some of the droplets would have bounced during
the experimental trials, and this process was not modeled.
While it is possible to simulate the fluid-structure interaction
between airflow and branches/leaves (Duga et al., 2014), this
type of modeling has not been validated with field observa-
tions. Measurements of the required inputs for plants (Young’s
modulus and Poisson’s ratio) is also challenging and was
beyond the scope of this work. It is similarly possible to model
droplet bouncing and shattering if surface roughness is known
(Delele et al., 2016) but measuring the surface roughness,
which will vary throughout the plant, is difficult. Model-
ing surface-droplet and fluid-structural interactions are also
computationally expensive, and the simulations of deposi-
tion and plant shape alone required all available processing
power (a single workstation with 32GB RAM, Intel Core i7-
7700K CPU @ 4.20 GHz, 4 cores), and approximately 8 h
to solve. The high computational demands are due largely to
the complex nature of the meshes built around the intricate
plant shapes. The number of cells for each species is as fol-
lows: onion—3 million, rice—35 million, lettuce—35.6 million,
sunflower—9.7 million. Although creating and solving these
simulations is onerous, once they are improved by integrating
surface-droplet and fluid-structural interactions, expanding
the simulation domain to rows of multiple crops and stages,
and solved for multiple wind speeds and directions, they
could potentially be compiled as standalone applications.
We envision that users could then provide updated spray
characterization data to evaluate the effects of new spray tech-
nology without needing to model additional plants or fluid
flows.

4 | SUMMARY AND CONCLUSIONS

This work has shown that drift capture efficiency varies
between plant species across different nozzle types and down-
wind distances. It is also notable that all species studied show
lower capture efficiency than steel rods which are commonly
used in regulatory drift studies (several species also showed
lower capture efficiency than steel discs). Accounting for this
variability in capture efficiency could become an element of
regulatory drift modeling, resulting in risk assessments that
more accurately reflect and bracket drift exposure conditions.
Future research that replicated this work with a wider variety
of plant species and quantitative analysis of the effects of plant
surface and shape characteristics on drift capture efficiency
could potentially yield predictive models of drift capture effi-
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ciency. This would be of particular value when attempting to
study the risks posed to endangered plants.

This work has also shown that modeling the effects of
nozzle type, downwind distance, and plant shape on drift
deposition on plants is possible using CFD given the observed
variability in model bias across species. We also recommend
that methods to model droplet-surface interactions and fluid-
plant interactions be further developed and incorporated into
the CFD simulations we have developed. This research for
example could be improved by modeling multiple sets of plant
models per species to better account for variability in plant
shape. Novel combinations of adjuvants, nozzle types, and
plant types require better understanding of the risk for adverse
effects to off-target plant species from spray drift deposi-
tion and CFD has been shown to be useful in exploring the
implications of a multitude of possible configurations.
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