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Abstract: Efficient utilization is a pre-requisite for pesticide reduction, and appropriate airflow
distribution pattern plays a key role in enhancing the effectiveness of pesticide application by air-
assisted orchard sprayers, yet the mechanism of this is unclear. In order to clarify the specific effects
of airflow velocity and direction on spraying efficacy, a series of spray tests on pear and cherry
and airflow distribution tests in open areas were conducted by a multi-unit air-assisted sprayer
on ten different fan settings. Several deposit indicators were analyzed and contrasted with the air
distribution. The results showed that an increase in airflow velocity inside the canopy improved
the abaxial side deposit coverage of both pear (from 3.33% to 11.80% in the Top canopy and from
6.26% to 11.00% in the Upper canopy) and cherry leaves (from 3.61% to 10.87% in the Top canopy,
from 1.36% to 9.04% in the Middle canopy, and from 3.40% to 9.04% in the Bottom canopy), but had
no significant effect on the spray penetration. The correlation between deposit indicators and airflow
velocities/directions was evaluated, and the results indicated that the enhanced airflow velocities,
both in the forward and horizontal direction, improved the abaxial side deposit coverage (CAB) on
the outside of pear canopy (p < 0.001), but for cherry, none of the airflow indicators had a significant
impact on the CAB independently. On the other hand, the increased airflow direction angle in the
cross-row plane for pear, as well as the increased airflow velocities in forward and vertical direction
for cherry, both showed negative effects on the adaxial side deposit coverage (p < 0.01). The findings
in this study might be helpful to improve the performance of pesticide application in orchards,
especially for abaxial side deposition, and could provide a reference for the further investigations
about the effect of airflow on spray canopy deposition.

Keywords: air-assisted sprayer; airflow distribution pattern; deposit coverage; spray penetration

1. Introduction

The reduction of pesticide application has been a consistent proposition of the Chinese
government for many years, and it has also been included in the most important national
development plan [1] as a significant goal of agricultural reform several times. Normally,
the efficient utilization of pesticide, which means the active ingredient should be delivered
to the target precisely, uniformly, and exclusively, was considered a key way to achieve
pesticide reduction.

Pear and cherry are two cash crops grown on a large scale in several provinces in China,
and their market demand has been increasing year by year. Recently, several investigations
on pear and cherry orchards and their managers have been conducted by our team, and it
was found that several kinds of diseases and pests occurred on the abaxial side of leaves,
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such as Pear psylla [2] and brown rot [3], which had a serious detrimental effect on the
yield and quality of the fruits. Therefore, during the pesticide application in orchard, it is
necessary to ensure sufficient deposit on the abaxial side of the leaves.

For decades, the air-assisted sprayer has been recognized as a high efficiency pesticide
application equipment and is widely used for disease and pest control in the orchards. The
main principle of air-assisted sprayers to improve the spraying effect is that the airflow
generated by the fan sends droplets into and disturbs the tree canopy to increase spray
deposition and enhance the uniformity of the droplet distribution [4-7]. In recent years, the
axial fan sprayer [8,9] (AAS) and air tower sprayer [10,11] (ATS) have been the most widely
used orchard application equipment, due to the stability of performance and convenience of
operation. Various studies have focused on the spray effect of both the two types of sprayers,
and there seems to be a general consensus that the spray deposition can directly or indirectly
be affected by not only the canopy structure [12], but also the physicochemical properties
of pesticides [13], the meteorological conditions [14] and operation techniques [15], among
others. However, in most cases, the canopy structure of trees in the orchard is relatively
stable with good management, where the application of pesticides mainly depends on the
type and outbreak degree of pest and disease. Furthermore, there is no doubt that the
artificial control of meteorological conditions is hard to achieve. All these factors make the
adjustment of sprayer operation the most direct and effective way to improve the spray
effect.

To date, the influence of the operating techniques on the spray effect, including
travel speed, nozzle type, spray pressure, etc., have been explored by many researchers.
Salyani, M. and Whitney, J.D. [16] characterized the effects of sprayer ground speed
(1.6-6.4 km/h) on spray deposition at different locations within citrus tree canopies, and
the results showed that travel speed did not have a significant effect on mean deposition in
the tree canopy; however, variability of deposition increased as speed increased. The spray
characteristics of the nozzle play an essential role in the pesticide application, especially
for spray deposition. Hence, Nuyttens, D. et al. [17] tested the droplet size spectra of
32 nozzle-pressure combinations and expounded the effect of the nozzle type, size, and
pressure on the droplet size and velocity spectra. It should be emphasized that droplet
velocity is important with regard to canopy penetration and leaving surface retention.
On the other hand, smaller droplets, especially those less than 150 [18] or 200 pum [19] in
diameter, are more susceptible to airflow. According to applications based on an axial-fan
air-blast orchard sprayer made by Derksen et al. [20], the smaller droplets can provide
higher coverage than larger droplets on the axial side of leaves, and the authors believed
that greater air turbulence was needed to improve this. However, considering that smaller
droplets also have a higher risk of off target or drift, the balance between the advantages
and the risk of off-target pollution should also be taken into account [21,22].

In addition to the above factors, the impact of spray distribution pattern on the pesti-
cide application performance cannot be ignored. According to Gil et al. [23], an adequate
adjustment of spray liquid distribution to the canopy structure can reduce spray drift up
to 90% and reduce pesticide use up to 20%. Li et al. [24] conducted a comparative exper-
iment on profile variable rate spray and conventional air assisted spray in orchard, and
the results showed that a 23.2% reduction of spray drift and a 67.4% reduction of ground
losses happened after adjusting the spray distribution pattern, moreover, a 45.7% saving of
the solution was also obtained. It is now generally accepted that the spray distribution is
directly determined by and dependent on the airflow pattern [4], including airflow velocity,
direction, and their distribution in space. Farooq et al. [25] evaluated the spray penetration
into the citrus canopy in two different airflow rates using air-carrier sprayers, results indi-
cated that the higher airflow resulted in a better spray penetration and a significantly larger
deposition in the far section of the canopy than the lower airflow. Holownicki et al. [26]
compared three axial fan sprayers with different air discharge systems in the modern
orchard, including conventional, cross-flow, and a high-volume directed air-jet (HVDAS)
with the air spouts directed at 20 and 40° upwards, and the HVDAS with air spouts set



Agronomy 2022, 12, 944

30f16

20° upwards produced a higher canopy deposit and a lower off-target loss than the other
two sprayers. Another work [27], by investigating the effects of changing the fan speeds
(1400, 2000 and 2500 rpm) and the direction of the air-jet (90 and 120° backward angle
of the outlet side deflectors in relation to the treated row), studied the performance of a
sprayer fitted with two vertical adjustable air outlets in vineyards, the highest deposit
was observed with 1400 and 2000 rpm fan speeds and 120° backward angled air outlets,
and the high 2500 rpm fan speed improved the degree and the uniformity of the spray
coverage. Proper adjustment of the airflow velocity plays a key role in the efficiency of
spray application [28,29]. However, excessive airflow will also reduce the canopy depo-
sition [30] and lead to more spray loss and drift [31]. All these studies show that proper
adjustment of airflow plays a key role in the efficiency of spray application. Therefore, as a
prerequisite for determining the optimal adjustment, the specific effect of airflow on spray
canopy deposition should be defined.

In order to clarify the correlations of airflow velocity distribution and direction with
spray deposit in different parts of the canopy, we conducted a series of spray tests in the
orchard and airflow distribution tests in an open field with different unit fan parameters,
which were determined by the canopy characteristics of pear and cherry. In the end, the
effect of the fan unit adjustment was evaluated by analyzing the correlation between the
airflow velocity and direction with the canopy deposition. These were all based on a
multi-unit air-assisted sprayer independently developed by our team.

2. Materials and Methods
2.1. Sprayer Characteristics

Figure 1 shows the multi-unit air-assisted sprayer (MAS). The length and width of
the MAS were 3.2 m and 1.5 m, the rated power of the engine is 6.3 Kw. Three units
were installed on both sides of the sprayer with a fan hood depth of 150 mm. Each of
the units, equipped with 20-inch carbon-fiber fan blades driven by a brushless motor,
were connected to the vertical support rod by a mechanical joint that ensured the manual
adjustment of installation height and tilt angle could be achieved. The rotation rate of each
brushless motor could be controlled independently through a specially made control box,
and both of the brushless motors and the box were powered by a 24 V storage battery
(Fengfan, Baoding, China) linked to a 3.5 kW range extender to provide stable working
voltage. Four hollow cone nozzles HCI4001 (ARAG, Rubiera, Italy) were equidistantly
installed at the air outlet of the unit. The spray angle of HCI4001 was 40°, the volume
flow rate was 0.39 L/min, and the volume median diameter of the droplet was 121 um at
a spray pressure of 0.3 MPa. The droplet diameter was tested by Spraytech Particle size
analyzers [32] (Malvern Panalytical, Worcestershire, UK) according to ISO 13320:2020 [33].

2.2. Spray Test Site

Figure 2a showed the spray test site in Haidian District, Beijing (116.19° E, 40.15° N),
which was a plain area. The 15-years-old pear (Pyrus bretschneideri) orchard covered an
area of 0.66 ha, trees were planted in a 6 m by 3 m row and tree spacing, and the average
tree height was 3.1 m. The 4-years-old cherry (Cerasus pseudocerasus) orchard covered an
area of 0.91 ha, the row and tree spacing were 4 m and 1 m, and the average tree height was
2.6 m. Tests were conducted in August 2021. During this period, the weather continued
without rain, the temperature remained at 27.6-33.4 °C in the daytime, and the wind speed
was below 1 m/s during the experiment—all of these provided a suitable meteorological
condition for spraying.
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Figure 1. The multi-unit air-assisted orchard sprayer used in this study: @ Top Unit, ) Electronic
Speed Control, (3 Middle Unit, (3 Bottom Unit, &) Speed control box, (& Proportional control valve
with pressure gauge, () Tank.
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Figure 2. (a) Test fields for spray test (b) Layout of spray test: the red line showed the application
route, trees with red background were sampled; (c) Sample site: green marks represented samples.
The indicators L, M, R in the cherry canopy and the L1, L2, M, R2, R1 in the pear canopy represent
the sample positions in per layer.

2.3. Experimental Design
2.3.1. Spray Test

Five rows in the middle of the orchard were selected for application (Figure 2b).
Five consecutive trees were sampled in the middle row, and these trees were not less than
10 m from the beginning and end of the row to make sure the MAS was working stably
when passing through. There were 4 layers set on each of the sample trees of pear and
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5 sample points were set in each layer (Figure 2c). There were 3 layers for cherry trees
and 3 sample points in each layer. All of the layer and sample parameters, including layer
height, layer width, and the distance between sample and trunk, were measured and shown
in Table 1. A well-grown leaf was chosen within the area 15 cm from the sample point
and 2 white art papers (60 mm x 40 mm) were attached on the adaxial side (ADS) and
abaxial side (ABS) of it. The application volume was 225 L/ha. Ponceau 4R, a dye usually
used as a food coloring with no risk of environmental pollution and human and animal
poisoning, was added as a tracer with a concentration of 5 g/L. During each test, the time
when the MAS entered and left the test area was recorded to ensure that the deviation of
the actual application volume from the set value did not exceed 5%. All tests were repeated
3 times (Table 1).

Table 1. Layers and samples setting parameters of pear and cherry.

Distance between Sample and Trunk/m

Plant Sample Layer Layer Height/m Width of Layer/m L M R
L1 L2 R2 R1

Top 238 2.8-3.2 1.3-1.6 0.5-0.9 0 0.4-0.7 1.0-1.2
P Upper 2.3 29-34 1.4-1.7 0.5-0.8 0 0.5-0.8 1.1-1.3
ear Lower 1.8 2.6-3.1 1.3-1.5 0.6-0.9 0 0.5-0.8 1.2-1.4
Bottom 1.3 2.0-2.6 1.0-1.3 0.4-0.6 0 0.4-0.7 1.0-1.2

Top 25 1.2-14 0.5-0.6 0 0.5-0.7

Cherry Middle 1.9 1.3-15 0.6-0.8 0 0.6-0.8

Bottom 1.3 0.7-0.8 0.2-0.4 0 0.3-0.5

According to the canopy characteristics of pear and cherry, 10 parameters were settled
within the adjustable range of the fan (Table 2). OSC1-OSC6 were used on cherry, the
fan speed was different between OSC1-OSC3, the installation height of the middle unit
between OSC4 and OSC5 was different by 100 mm, and the vertical installation angle of
the middle unit between OSC5 and OSC6 was different by 20°.

Table 2. The test parameters of MAS used in spray tests.

Parameters Spray Units Fan Speed Installation Height Tilt éngle
(rpm) (m) ©)
Top 2275 2.95 —40
0SC1 Middle 2275 1.95 0
Bottom 2275 1.00 20
Top 2635 2.95 —40
0sC2 Middle 2635 1.95 0
Bottom 2635 1.00 20
Top 2635 2.95 —40
0SC3 Middle 3090 1.95 0
Bottom 2635 1.00 20
Top 2635 2.95 —40
0SC4 Middle 3090 1.75 20
Bottom 2635 1.00 20
Top 2635 2.95 —40
0OSC5 Middle 3090 1.85 20
Bottom 2635 1.00 20
Top 2635 2.95 —40
0OSCé6 Middle 3090 1.85 0

Bottom 2635 1.00 20
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Table 2. Cont.
Parameters Spray Units Fan Speed Installation Height Tilt Io\ngle

(rpm) (m) ©)

Top 2635 2.95 —15
OSP1 Middle 2635 1.85 10
Bottom 2635 1.00 20

Top 2635 2.95 —15
OSP2 Middle 3090 1.85 10
Bottom 2635 1.00 20

Top 3090 2.95 —15
OSP3 Middle 3090 1.85 10
Bottom 3090 1.00 20

Top 2635 2.95 -15
OSP4 Middle 3090 1.75 30
Bottom 2635 1.00 20

Note: Tilt angle < 0 means tilt down, Tilt angle > 0 means tilt up.

2.3.2. Airflow Pattern Test

The airflow pattern test of MAS was conducted in an open field outdoors in a static
way according to ISO 9898:2000 [34]. Figure 3 showed the test layout, a group of 3 Axis
wind sensors [35] (WindMaster 1590-PK-020, Gill Instruments Ltd., Hampshire, UK) was
installed from 0.6 m away from the ground to 3.2 m according to the vertical interval of
0.2 m. All parameters listed in Table 2 were tested at 0.5 m, 1.0 m, 1.5 m, and 2.0 m away
from the MAS, respectively. Fans on both sides of the sprayer opened simultaneously
to keep the working condition consistent with the orchard application. All sensors were
connected to the computer for the signal transmission, and the output data is received
by the software at a frequency of 10 Hz and further calculated in Cartesian coordinates
(X, Y, Z), including the airflow velocity and direction on the YZ plane and the air velocity
on the X-axis. For each measuring point and parameter, data were recorded at least 15 s.

@  Ultrasonic anemometer

@ AN & s\
0.2m
N & & AN
SN AN & XD
N N & D
N N N D
Y A
N N U\ D
N N U\ D X
N N & D
N N & L o—
Z
& & N N
N N N D
SN AN s\ AN
L)
0.6m
v
A A A A
0 0.5m 1.0m 1.5m 2.0m

Figure 3. Layout of airflow pattern test of MAS in an open field. The X-axis represented the
forward direction, the Y-axis represented the vertical direction, and the Z-axis represented the
cross-row direction.
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2.4. Data Analyses

All samples were scanned with a scanner (DS-1610, Epson (China), Beijing) at 400 dpi
to obtain images. An image processing program Image] [36] (National Institutes of Health,
United States) was used for the analysis to get spray coverage [37]. CAD and CAB represent
deposit coverage on ADS and ABS of the leaf (%), and the deposit coverage of whole leaf
(CW, %) was calculated as follows:

CW = CAD + CAB )

Where the ratio of deposit coverage on ABS and whole leaf (RBW) was calculated to
account for droplet distribution uniformity on leaves:

CAB
RBW = W 2
Where the ratio of deposit coverage on the center sample and the total sample in the

same layer (RCT) was calculated to account for the penetration effect of droplets:

CWm

RCT =
¢ CWr, + CWy + CWR

®)

where L, M, and R are sample sites in cherry canopy. As for pear, Left means L1 and L2,
and R means R1 and R2 (Figure 2b).

The 3D airflow velocity and direction corresponding to all sample points are ob-
tained through interpolation for 2D gridded data in meshgrid format [38] by Matlab 2021a
(Mathworks, Natick, MA, USA). The interpolated value at a sample point is based on a
cubic interpolation of the values at neighboring grid points in each respective dimension.
The interpolation is based on a cubic spline using not-a-knot end conditions and 6 indica-
tors were obtained: X-axis, Y-axis, and Z-axis airflow velocities, ZY plane (0° on Z-axis),
ZX plane (0° on Z-axis), and YX (0° on Y-axis) plane airflow directions (X-v, Y-v, Z-v, ZY-d,
ZX-d, YX-d). For assessing the impact of these indicators on canopy deposition, the method
combining partial least square (PLS) and the variable importance in projection (VIP) scores
(also called the PLS-VIP method [39]) have been introduced to quantify the contribution.

All statistical analyses were performed using IBM SPSS Statistics (IBM Corp., Armonk,
NY, USA). The mean values of CAD, CAB, CW, RBW, and RCT in different test param-
eters were compared by using one-way analysis of variance (ANOVA) via the Duncan
test (a = 0.05). The bivariate correlation analysis was adopted to evaluate the correlation
between airflow indicators and CAD, CAB, CW, and RBW of all test parameters by using
Pearson test and two-tailed significance test.

3. Results
3.1. Deposit Coverage Distribution in Layers

Table 3 shows mean values of all deposit indicators, including CAD, CAB, CW, RBW,
and RCT, calculated from all samples in each layer of OSP1-OSP4 (results of all sample
trees and replicates are involved). Intercomparison of OSP1-OSP3 was made on account of
sharing the same installation height and tilt angle but different in fan speed. For the Top
layer, the CAD and CW of OSP3 were significantly lower than those of OSP1 and had no
significant difference with OSP2, and the CAB and RBW of OSP3 were significantly higher
than those of OSP2 and had no significant difference with OSP1. For the Upper layer, the
CAD of OSP3 was significantly lower than that of OSP1 and OSP2, the CAB of OSP3 was
significantly higher than OSP1 and had no significant difference with OSP2, and the RBW
of OSP3 was significantly higher than OSP1 and OSP2. The RCT of OSP1-OSP3 in all layers
had no significant difference with each other. In the comparison between OSP2 and OSP4,
the difference in deposition results was mainly due to the installation height and tilt angle
of the Middle unit, the CAD and RCT of OSP4 in the Top layer were significantly lower
than OSP2 but the CAB and RBW were higher. Meanwhile, in the Upper layer, the CAD of
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OSP4 was significantly lower than OSP2, and in the Lower layer the CAB of OSP4 was also
lower than OSP2.

Table 3. Results of spray tests on pear: CAD, CAB, CW, RBW, and RCT of OSP1-OSP4.

Samole L CAD CAB cw RBW RCT
ample Layer Test P t

P 4 est Harameters Mean/% SE Mean/% SE Mean/% SE Mean SE Mean SE
OSP1 25,58 ab 3.19 6.91b¢ 1.20 32.50 2be 2.96 0.28 «d 0.04 0.13 bede 0.01
T QOSP2 22 54 abe 2.54 3334 0.44 25,87 bedef 2.55 0.19¢ 0.02 0.16 abede 0.02
op OSP3 14.14 % 2.03 7.75 abe 1.55 21.89 def 2.30 0.37be 004 (.12 abedef 0.03
OSP4 13.83 def 1.81 11.80 ¢ 2.05 25,62 bedef 2.54 0.41 2be 0.04 0.08f 0.01
OSP1 13.93 ¢ 1.27 6.26 ¢ 0.93 20.18 <f 1.39 0.30°¢ 0.03 0.192 0.02
U OSP2 16.26 bede 1.69 7.67 be 0.95 23.93 cdef 1.87 0.35 be 0.03 (.17 abe 0.02
pper 0OSP3 7818 0.93 11.00 @ 1.37 18.81f 1.48 0532 0.04 0.17 0.02
OSP4 8.98 f8 1.15 13.252 2.23 22,23 def 2.07 0.49 a0 0.05 0.17 bedef 0.02
OSP1 29972 3.11 14.40° 2.10 44372 3.17 0.33 be 0.04 0.10 cdef 0.02
L OSP2 22.14 abed 2.51 13.88 2 1.88 36.02 ab 2.84 0.36 b¢ 0.04 0.10 cdef 0.02
ower 0sP3 18.25 bede 2.08 9,17 2be 1.62 27.42 bede 2.38 0.33 be 0.04 0.10 ¢ 0.02
OSP4 14.32 cdef 1.70 5.81 1.27 20.13 def 2.01 0.30 2 0.04 0.16 2bedef 0.04
OSP1 17.49 bede 1.54 11.03 abe 2.45 28.52 bed 2.56 0.27 <d 0.04 0.15 abede 0.02
Bott osP2 18.07 bede 2.88 8.13 abe 1.82 26.2() bedef 3.07 0.26 <« 0.04 0.15 abed 0.01
ottom OSP3 12.81 ©f8 1.65 7.93 abe 1.87 20.74 def 1.97 0.32bc 0.05 0.11 def 0.02
OSP4 15.94 bede 225 6.90 2be 1.95 22.84 cdef 2.65 0.24 < 0.04 0.10 cdef 0.02

Note: SE means standard error. Different letters in the same column indicate significant differences at
p <0.05 level.

The only difference between OSC1-OSC3 is the fan speed setting, which was similar
to OSP1-OSP3. There was no significant difference for CAD and RCT in all layers of
OSC1-OSC3 as shown in Table 4, however in the Middle layer, the CAB of OSC2 and OSC3
were significantly higher than OSC1. In the Bottom layer, OSC3 also showed a higher CAB
than OSC1. There was no significant difference in the deposition effect between OSC3
and OSC6, nor between OSC4 and OSC5, however, the CAB of OSC5 in the Top layer was
significantly higher than that of OSCé.

Table 4. Results of spray tests on cherry: CAD, CAB, CW, RBW, and RCT of OSC1-OSCé.

CAD CAB cw RBW RCT
Sample Layers Test Parameters
Mean/% SE Mean/% SE Mean/% SE Mean SE Mean SE
0sC1 20.69 2.65 4,00 be 0.84 24.70 2bc 2.78 0.22 bed 0.04 0.272 0.04
0sC2 20.38 3.33 8.53 abe 2.00 28.91 abe 3.78 0.31 abed 0.05 0232 0.04
Top 0SC3 20.54 2.82 6.36 abe 1.50 26.90 abe 2.70 0.25 bed 0.05 0.2220 0.03
0sC4 20.99 3.17 7.85 abe 1.68 28.84 abc 3.03 0.33 abe 0.06 0.252 0.04
0SC5 19.71 b 3.22 10.872 1.63 30.58 @b 3.34 0.462 0.06 0.272 0.05
0SC6 14.90 b 2.35 3.61 bed 0.94 18.52¢ 2.36 0.29 abed 0.05 0.24 abe 0.06
0sC1 18.94 2b 3.20 1.36 4 0.48 20.30 be 3.30 0.144 0.04 0.12b¢ 0.03
0sC2 20.78 2.87 4.81be 0.80 25.59 abe 2.86 0.25 bed 0.04 0.18 abc 0.04
Middle 0SC3 21.67 % 2.88 9.04 b 2.00 30.71 2.62 0.31 abe 0.05 0.23 b 0.03
0SC4 21.74 3.72 8.60 2b¢ 2.15 30.34 2bc 3.83 0.37 2 0.06 0.11°¢ 0.01
0SC5 21.76 % 3.57 8.98 ab 1.90 30.74 20 3.22 0.362b 0.06 0.15 abe 0.03
0SC6 27.652 3.40 7.43 abe 1.65 35.08 @ 3.36 0.24 bed 0.05 0.16 ab¢ 0.03
0SC1 19.09 2 2.27 340 0.63 22.48 be 222 0.18<d 0.03 0.20 0.03
0sC2 20.57 ab 2.81 9.04 2.02 29.60 ab 2.85 0.32 abed 0.06 0.18 20 0.02
Bottom 0SC3 24.63 % 2.75 6.90 abe 1.52 31.52 2 2.52 0.23 bed 0.05 0272 0.04
0SC4 25.54 ab 3.49 5.01be 0.99 30.54 2 3.54 0.21 bed 0.04 0.23 b 0.04
OSC5 22.18 ab 2.92 6.85 abe 1.39 29.02 ab 2.88 .28 abed 0.05 0.21 2 0.04
0SC6 26.00a b 3.38 7.59 ab 1.38 33.60 3.21 0.27 abed 0.05 02230 0.03

Note: SE means standard error. Different letters in the same column indicate significant differences at
p <0.05level.

3.2. Comparison between Airflow Velocity Distribution and Deposit Coverage Distribution

The distribution of both airflow and spray canopy deposit varied according to the fan
setting. For this reason, a comparison was made between them. As can be seen in Figure 4,
the airflow velocities of OSP1-OSP3 decreased with distance at Top, Lower, and Bottom
heights, while at Upper height the airflow showed the opposite trend. In the meantime, the
CAB of OSP3 improved, but the CAD decreased in the Top and Upper layers. Compared to
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OSP2, the air velocity of OSP4 attenuated less at Top height but was lower at Lower height.
As for the canopy deposit coverage, the CAB of OSP4 was higher in the Top but lower in
the Lower layer, meanwhile the CAD was lower in both of the Top and Upper layers, which
was consistent with the results shown in Section 3.1.
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Figure 4. The airflow distribution at different distances from the MAS (left), CAD (black block), and
CAB (blue block) of samples in all layers (right) of OSP1-OSP4.

OSC1-0OSC3 shared a similar airflow velocity distribution pattern just like OSP1. OSP3,
0SC2, and OSC3 have higher air velocities than OSC1 at Middle height, which made the
CAB of OSC1 less than OSC2 and OSC3 at the same height. OSC3 has a higher airflow
velocity at Middle height compared to OSC6, and OSCS5 also has a higher airflow velocity
at Top height compared to OSC4, however in the corresponding layers OSC6 has a similar
CAB to OSC3 and OSC4 to OSC5. In addition, the OSC5 has a higher air velocity at Top
height as well as a CAB compared to the OSC6 (see Figure 5).
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Figure 5. The airflow distribution at different distances from the MAS (left); CAD (black block) and
CAB (blue block) of samples in all layers (right) of OSC1-OSC6.

3.3. PLS-VIP and Correlation Analysis between Airflow Velocity, Direction, and Deposit Indicators

3.3.1. Results of OSP1-OSP4

For OSP1-OSP4, a PLS-VIP analysis was carried out between deposit indicators (CAD,
CAB, CW, and RBW) and airflow indicators (X-v, Y-v, Z-v, ZY-d, ZX-d, YX-d). Results
exhibited in Figure 6 showed that Z-v represented a more significant influence on CAB and
RBW than the other indicators, while ZY-d made a greater contribution to CAD and CW. In
addition, the effect of X-v on CAB and Z-v on CW cannot be ignored as well.

1.5 ) ) CAD i 1.8 CAB
1
1
0 II N 0
% &3 4 '\3,6 /\:\_,b {\})
4] CW
81.4 . . 1.8
1
1
0 0

A 4

¥
Airflow indicators

Figure 6. PLS-VIP analysis results between the airflow indicators and the deposit indicators of
OSP1-OSP4. The red line indicates that the PLS-VIP = 1, PLS-VIP > 1 indicates a significant effect [40].
The red line marks the position where the PLS-VIP value is 1.
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According to Table 5, X-v and Z-v showed extremely significant positive correlations
(p < 0.001) with CAB and RBW in the total and outside canopy, but also negative correla-
tions (p < 0.05) with CAD in the outside canopy, while ZY-d showed significant negative
correlations (p < 0.01) with both CAD and CW in the total and outside canopy. All these
were largely consistent with the results represented in Figure 7.

Table 5. Results of the correlation analysis between airflow and deposit indicators at different parts
of pear canopy.

Deposit Indicators ~ Canopy Parts X-0 Y- Zv zy-d ZXx-d YX-d
r p v p r p r p r p r p

Total —0.067 0.060 —0.027 0.454 —0.060 0.092 —0.102 0.004 —0.007 0.845 —0.066 0.063

CAD Inside —0.047 0.554 —0.008 0.916 —0.016 0.844 —-0.115 0.148 —0.105 0.185 —0.013 0.868
Outside —0.083 0.036 —0.028 0.479 —0.128 0.001 —-0.119 0.002 —0.006 0.873 —0.060 0.128

Total 0.203 0.000 —0.037 0.292 0.205 0.000 —0.002 0.945 0.093 0.009 0.001 0.966

CAB Inside 0.118 0.136 0.163 0.039 —0.016 0.837 —0.074 0.351 —0.033 0.678 —0.079 0.319
Outside 0.192 0.000 —0.048 0.228 0.180 0.000 —0.006 0.870 0.097 0.014 0.028 0.483

Total 0.075 0.033 —0.048 0.177 0.083 0.019 —0.091 0.010 0.055 0.119 —0.057 0.109

CwW Inside 0.018 0.823 0.071 0.369 —0.021 0.793 —0.131 0.099 —0.103 0.194 —0.049 0.538
Qutside 0.056 0.159 —0.058 0.143 0.007 0.864 —-0.112 0.004 0.061 0.125 —0.035 0.370

Total 0.136 0.000 0.061 0.084 0.172 0.000 0.081 0.022 0.062 0.082 0.038 0.281

RBW Inside 0.191 0.016 0.182 0.022 —0.064 0.424 0.024 0.765 0.063 0.427 —0.065 0.411
Outside 0.124 0.002 0.052 0.188 0.174 0.000 0.090 0.023 0.050 0.208 0.070 0.076

Note: The r value represents the Pearson correlation coefficient, p < 0.05 indicates a correlation between the two
indicators, p < 0.01 indicates a significant correlation, and p < 0.001 indicates an extremely significant correlation.

15 CAD 2 CAB

PCS-VIP

N > > D
¥ T A

Airflow indicators

Figure 7. PLS-VIP analysis results between the airflow indicators and the deposit indicators of
OSC1-0OSC6. The red line marks the position where the PLS-VIP value is 1.

3.3.2. Results of OSC1-OSC6

According to Figure 7, for the CAD and CW of cherry, the most influential indicator
was YX-d, followed by Y-v, then X-v showed a significant influence on CAB. Moreover, the
most influential indicator on RBW was ZY-d.

As represented in Table 6, X-v had a relatively complex effect on canopy deposit cover-
age, showing positive correlations with CAB (p < 0.05) and RBW (p < 0.001) on the outside
of the cherry canopy, but negative correlations with CAB and RBW (p < 0.05) on the inside
of the canopy and CAD (p < 0.01) on the outside of the canopy. Y-v showed a negative cor-
relation with CAD (p < 0.01) and CW (p < 0.05) inside the canopy, meanwhile YX-d showed
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the same negative correlation with CAD and CW of the total canopy (p < 0.05), in addition,
ZY-d showed a significant positive correlation with RBW inside the canopy (p < 0.001).
Although a few of the airflow indicators in Table 6 showed different contributions to those
in Figure 7, this does not prevent the overall results from being consistent.

Table 6. Results of the correlation analysis between airflow and deposit indicators at different parts
of cherry canopy.

Deposit Indicators Canopy Parts X-0 Y- Zv zy-d zX-d YX-d
r P r p r P r p r P r p

Total —0.068 0.112 —0.053 0.217 0.052 0.230 —0.007 0.879 —0.039 0.364 —0.085 0.048

CAD Inside 0.015 0.845 —0.202 0.007 —0.039 0.605 —0.156 0.037 0.011 0.884 0.116 0.121
Outside —0.157 0.003 —0.030 0.571 0.013 0.811 —0.060 0.259 —0.128 0.015 —0.034 0.518

Total 0.083 0.055 —0.004 0.923 0.028 0.521 0.034 0.435 0.011 0.805 —0.035 0.418

CAB Inside —0.173 0.020 0.030 0.694 —0.146 0.051 0.147 0.049 —0.104 0.163 —0.113 0.131
Outside 0.130 0.014 —0.013 0.809 0.056 0.287 —0.036 0.499 0.045 0.390 0.034 0.516

Total —0.027 0.539 —0.055 0.205 0.065 0.132 0.010 0.812 —0.033 0.439 —0.102 0.018

CW Inside —0.055 0.463 -0.157 0.036 —0.089 0.234 —0.073 0.332 —0.031 0.675 0.053 0.482
Outside —0.092 0.082 —0.040 0.450 0.047 0.372 —0.086 0.105 —0.110 0.036 —0.016 0.757

Total 0.068 0.112 0.036 0.403 —0.031 0.473 0.079 0.066 0.022 0.614 —0.019 0.658

RBW Inside —0.174 0.020 0.190 0.011 —0.026 0.731 0.245 0.001 —0.086 0.253 —0.213 0.004
Outside 0.172 0.001 —0.005 0.930 —0.009 0.863 0.035 0.505 0.106 0.044 0.035 0.510

4. Discussion

In most cases, the air adjustments of AAS and ATS are based on the rotational speed of
the fan and on the position of air deflectors [41] which impact air velocity and air direction.
For this reason, there are limited options for adjusting the airflow pattern and vertical
spray distribution. In this research the MAS allowed for more adjustments by changing
the installation height, tilt angle, and fan speed, which offered a multivariate scenario
in this study. As mentioned before, in the absence of a tree canopy, the spray volume
distribution was directly influenced by the airflow pattern [4]. However, in the case of
pesticide applications, the effects of airflow velocity and direction (mainly determined by
fan parameters) on canopy deposition were relatively complex. By the influence of airflow,
droplets are forced into the canopy and attached to the leaves. In the meantime, leaves are
swung and lifted, which can somehow increase the deposition on the leaves, especially on
the ABS.

For the spray test conducted on pear in this study, the distance between spray units
and the trunk was 2.25 m, which means the airflow between 1.5 m and 2 m from the
fan entered the canopy and had a significant impact on droplet deposition, therefore the
velocity of airflow inside the canopy (AI) was used as the main reference for evaluating pear
canopy deposition. Compared to the airflow distribution patterns of OSP1, the Al velocity
of OSP3 was higher at Upper and lower at Top (Figure 4), which makes the leaves in both
the two layers more susceptible to be uplifted. Due to this, the exposed area of the ABS was
increased, resulting in a higher CAB for OSP3 (11.00%) than OSP1 (6.26%) at Upper. On the
other hand, considering that the distance between units and the cherry trunk is 1.25 m, the
airflow between 1.0 m and 1.5 m from the fan should be defined as Al for the evaluation
of the spray effect. For OSC1-OSC3 (Figure 5), the Al velocities of OSC2 and OSC3 were
higher than OSC1 at Middle height, which made the twisting frequency of leaves and the
exposure probability of the ABS increase, and thus both OSC2 (4.81%) and OSC3 (9.04%)
had greater CAB than OSC1 (1.36) in the Middle layer.

Compared to OSC6, OSC3 had greater Al velocity at Middle height, however there
was no significant difference in CAD and CAB at Middle layer between them, which did
not seem to be consistent with the previous analysis. On the other hand, OSC6 got higher
Al velocity at Bottom than OSC3, so it was presumed that under the combined effect of
airflow at both Middle and Bottom, the twisting frequencies of their Middle layer leaves
were close. A similar situation occurred between OSC4 and OSC5, where OSC5 got a higher
Al velocity at Top height but a lower Al velocity at Middle height compared to OSC4, from
this point the CAD and CAB of OSC5 in the Top layer were also not significantly different
from OSC4.
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In general, the enhanced velocity of airflow inside the canopy resulted in an increase
of deposition coverage on the ABS of leaves, for both pear and cherry, however it did
not provide a significant improvement to the spray penetration. The difference is that the
smaller pear leaves, compared to the cherry leaves, oscillated mainly in the longitudinal
direction by airflow, which made that an increased exposed area of the ABS which was
always accompanied by a decrease exposure of the ADS. For this reason, the increase of
CAB happened frequently in conjunction with the decrease of CAD. The cherry leaves were
slender and mainly twisted in the axial direction, which lead to an increase of CAB without
decreasing the CAD. Furthermore, in many cases the spray coverage in a particular layer
(e.g., Top layer of OSP3, Middle layer of OSC3, Top layer of OSC5) was simultaneously
influenced by the effect of both the airflow in this height and that above or below it, which
can be referred to as a regional airflow contribution, but the rationale for this phenomenon
is unclear and needs to be explored in further studies.

Over the years, many reports have focused on spray penetration [25,42], distribu-
tion [43,44], and the mass balance [8,45] in orchards, which helps to clarify the practical
application effects of different spray technologies and fan operating parameters. However,
from the point of disease and pest control, the deposit on the ADS and ABS of leaves should
also be taken into account.

The results of the PLS-VIP and correlation analysis showed that the enhanced X-v
and Z-v improved (p < 0.001) the CAB on the outside of pear canopy, but for cherry, none
of the airflow indicators had a significant impact on the CAB. On the other hand, for the
increased ZY-d (p < 0.01) for pear as well as the increased X-v and Y-v (p < 0.01) for cherry,
both showed negative effects on the CAD. Obviously, pear and cherry are very different
in canopy structure and leaf shape. By the influence of airflow, the pear leaves swung
violently and the exposure of the ABS increased, which resulted in the improvement of the
CAB. However, for the cherry leaves, the changes in airflow did not significantly increase
the exposure of the ABS. Moreover, it is worth noting that the reduction of CAD is very
detrimental to the efficacy of pesticide control and should be avoided in the application.
For pear and cherry orchards, we should adopt different airflow patterns to improve the
spraying effect. Based on the structure of the MAS, the adjustment of X-v can be achieved
by changing the angle between the unit and the travel direction, Z-v is mainly dependent
on the fan speed setting, while the ZY-d can be adjusted by changing the tilt angle.

In recent years, efforts have focused on improving the design of pesticide application
equipment. Grella et al. [46] tested the effect of different fan settings, air-conveyor orienta-
tion, and nozzle configuration on both airflow pattern and vertical spray distribution, and
the results showed that a forward air-conveyor orientation was selected as one of the most
optimal settings for spray applications in a trellised vineyard. Interestingly, in this study a
similar trend was observed (the enhanced X-v could be adjusted by changing the install
angle between the unit and the travel direction) that improved the deposit coverage in the
ABS. Therefore, to some extent we can conclude that the forward airflow has a positive
contribution to the spray effect.

In the last decade, agricultural unmanned aerial vehicle (UAV) has become a widely
used piece of equipment for orchard pesticide application, especially in East Asian coun-
tries [47]. The downwash airflow of the UAV plays an important role in the transportation
of droplets to the target [48,49], which was similar to the horizontal and/or vertical airflow
from air-assisted sprayers. However, the UAV had a much lower deposition on leaves
compared to the AAS [28,50,51]. Zhang et al. [52] pointed out that, in order to improve the
spraying efficacy of UAV sprayers and reduce off-target losses, it is essential to understand
the distribution characteristics of downwash airflow inside and around the target tree
canopy. From this point of view, we suggest that the velocity and directional distribu-
tion characteristics of the downwash airflow should be focused on, which is a key factor
affecting the droplets deposit distribution in the canopy, as reported in the present study.

Clearly, the airflow velocity and direction had a significant effect on spray deposit,
and the fundamental cause of this is that the behaviors of droplets [53] and leaves [54]
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are influenced by airflow, which will be the focus of our future research. Although there
is a correlation between the spray indicators, considering that this study aims to make a
preliminary exploration of the effects of airflow indicators on deposition indicators, a large
number of field tests for different fan parameters are still needed before we can build a
predictive model.

5. Conclusions

Spray tests and airflow distribution tests were conducted with ten different fan settings
using a multi-unit air-assisted sprayer. The effects of various airflow distribution patterns
on spray deposition coverage and penetration were compared, and the correlation between
airflow indicators and deposition indicators was evaluated. The results showed that the
increased Al improved the CAB of pear (from 3.33% to 11.80% in the Top canopy and from
6.26% to 11.00% in the Upper canopy) and cherry leaves (from 3.61% to 10.87% in the Top
canopy, from 1.36% to 9.04% in the Middle canopy, and from 3.40% to 9.04% in the Bottom
canopy) but had no significant effect on spray penetration. As a whole, spray deposition in
one part of the canopy was influenced by the combined effects of airflow in a wider area.
The enhanced X-v and Z-v improved the CAB on the outside of pear canopy (p < 0.001), but
for cherry, none of the airflow indicators had a significant impact on the CAB independently.
On the other hand, the increased ZY-d for pear as well as the increased X-v and Y-v for
cherry both showed negative effects on the CAD (p < 0.01).

According to our findings, for fruits with small leaves, such as pears, apples, citrus,
etc., it is recommended to increase the airflow velocity in the horizontal and forward
direction to optimize the spraying effect. As for cherry and other fruits with larger leaves,
such as mangoes, lychees, etc., an increase in the upward airflow and an appropriate
reduction of airflow velocity are suggested. For years, we have been committed to the
improvement of spray performance on the abaxial side of leaves in orchards by setting
optimal application parameters and improving the spray system. More research is still
needed to clarify the multiple correlations between airflow velocity/direction and spray
deposit distribution. Furthermore, the dynamical behavior of droplets and leaves in the
airflow, as a fundamental principle of droplet deposition in the canopy, will be further
investigated to improve our understanding of air-assisted spraying.
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