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Abstract

An air-assisted sprayer is a primary tool for pest and disease control in orchards. However,
conventional systems often suffer from insufficient deposition at the canopy top and poor
coverage on the abaxial leaf surfaces, which are highly susceptible to pests and diseases. To
address this limitation, a centrifugal air-assisted spraying system was developed to generate
finer droplets and improve deposition distribution within tree canopies, particularly on
the abaxial surfaces. Vertical deposition tests were conducted to characterize the droplet
distribution pattern of the system. Single-unit spray tests were then performed under
Foliage Area Volume Density (FAVD, the foliage area per unit canopy volume) of 3.3 and
1.4 m2·m−3, and three outlet air velocities (4, 8, and 11 m·s−1) to evaluate the effects of
these variables on coverage and droplet density. Comparative experiments between the
centrifugal and a conventional hydraulic system were also carried out at the same flow
rate (3.6 L·min−1), as well as at a 30% reduced application rate for the centrifugal system.
The results showed that the droplet distribution pattern followed a normal distribution
and correlated well with the spindle-shaped pear tree canopy. At both FAVD levels, an air
velocity of 8 m·s−1 produced superior leaf coverage compared with 4 and 11 m·s−1. At the
same flow rate, the centrifugal system achieved significantly higher coverage on the abaxial
surfaces of outer canopy leaves than the hydraulic system. Remarkably, even with a 30%
reduction in application volume, the centrifugal system maintained coverage and droplet
density comparable to those of the hydraulic system at its full rate. We conclude that the
centrifugal air-assisted orchard spraying system effectively improves pesticide deposition
distribution within pear tree canopies, with particular advantages in depositing droplets
on the abaxial leaf surfaces. Future work will include a systematic assessment of spray drift
potential to further evaluate its field applicability and environmental compatibility.

Keywords: abaxial surface; air-assisted sprayer; reduced application; pesticide spraying

1. Introduction
In orchard pest and disease control, air-assisted sprayers are the most commonly used

pesticide application equipment. By utilizing strong airflow to deliver droplets to the tree
canopy, the pesticide deposition efficiency is significantly improved [1–3]. Conventional
orchard air-assisted sprayers are typically equipped with axial fans, where airflow is dis-
tributed and directed to different positions through diversion devices. Research by Grella
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et al. demonstrated that adjusting the angle of the deflectors according to canopy charac-
teristics can enhance spraying performance [4]. However, such adjustments are limited,
particularly for tall-canopy trees, where the pesticide deposition can be insufficient [5]. Qiu
et al. [6] developed a crawler-type multi-channel air-assisted sprayer, which improved de-
position uniformity by 19.4% compared to conventional sprayers. When applied in walnut
orchards, the multi-channel sprayer achieved a coverage of 69.9% in the upper canopy [7].
In field application, improved coverage corresponds to less non-target impact for droplets
not deposited on the leaf surface, which is more environmentally friendly. Nevertheless, all
ducts are supplied by a single centrifugal fan in multi-duct air-assisted sprayers. When
the airflow velocity in one channel is adjusted, the velocities in the other channels are
also affected. Therefore, multi-unit orchard air-assisted sprayers can be considered where
precise control of application parameters is needed. They can offer advantages in both
deposition [8] and drift reduction [9].

The amount of deposition on the abaxial leaf surface is often overlooked in pesticide
deposition evaluations although various types of orchard sprayers are available on the
market. The abaxial leaf surface contains numerous stomata, which serve as the primary
entry points for many phyllosphere microorganisms to initiate infection [10–13]. Concur-
rently, many pests such as whiteflies, aphids, and spider mites prefer to inhabit concealed
areas [14–16], making it a high-incidence zone for both diseases and pests. Numerous
studies have focused on developing different technologies to enhance pesticide deposition
on the abaxial leaf surface. Electrostatic spraying is one of the most commonly used tech-
niques. It enables sprayed droplets to carry an electric charge, thereby improving their
adhesion to the abaxial leaf surface. Gan-Mor et al. [17] applied electrostatic nozzles in
vineyards, and a 200% increase in spray deposition on the abaxial leaf surface was achieved.
Nanotechnology has also provided new strategies for modulating pesticide deposition
at the microscopic level. Zhang et al. [18] developed a novel co-condensate carrier using
bile salts and cationic surfactants. This formulation adheres strongly to superhydrophobic
surfaces, thereby significantly enhancing deposition on the abaxial leaf surface. However,
limitations of these methods have been identified. Electrostatic spraying technology suffers
from poor stability and presents certain safety risks [19]. The development cycle for engi-
neered pesticide formulations is lengthy, and consequently, commercially viable products
cannot be mass-produced in the short term.

The adjustment of spraying parameters represents another more straightforward
and conventional approach. Adjustment strategies can be modified to achieve better
deposition results depending on the application equipment and scenario. Dario et al. [20]
demonstrated that varying the spray pressure and application rate of a manual sprayer can
significantly alter deposition. Similarly, Xu et al. [21] reported that adjusting the airflow
direction increased deposition on the abaxial leaf surfaces of strawberries by over 40%.

Droplet size is one of the most critical spraying parameters, significantly influencing
both pesticide deposition and drift [22,23]. As droplet size decreases, droplet penetration
through the canopy tends to improve, and the potential for deposition on the abaxial leaf
surface may increase. By setting the droplet size to 100 µm in UAV applications on bananas,
Yu et al. reported an increase in coverage on the abaxial leaf surface to 1.2% [24]. Therefore,
smaller droplet sizes are effective in increasing deposition on the abaxial leaf surface but at
the expense of off-target movement.

In spraying applications, droplet size is primarily determined by the type of nozzle
used. Conventional hydraulic nozzles can produce droplets of different sizes depending
on the orifice diameter, but the range is limited. Achieving a volume median diameter
(DV50) below 100 µm is particularly challenging. When smaller orifice nozzles are used to
generate finer droplets, the flow rate decreases accordingly, which may result in insufficient
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spray volume. Centrifugal nozzles are relatively new developments. They are currently
used primarily in crop protection UAVs [25–27]. Unlike hydraulic nozzles, they can vary
droplet size by adjusting the rotational speed of the atomizer, while maintaining a constant
flow rate. In our previous work, the performance of a multiple centrifugal nozzle was
evaluated [28]. At specific atomizer speeds, a DV50 of approximately 50 µm was achieved.
Furthermore, field applications demonstrated that it provided higher deposition efficiency
on both the adaxial and abaxial leaf surfaces.

Centrifugal nozzles have rarely been implemented in orchard air-assisted sprayers
despite the advantages in atomization and pesticide deposition. Therefore, this study inte-
grated centrifugal nozzles into an orchard air-assisted sprayer—sprayers use an orchard
air-assisted spraying system (CASS). The system was designed to improve pesticide depo-
sition in orchard applications. This system aims to improve pesticide deposition during
orchard operations particularly on the abaxial leaf surface. The vertical deposition of the
new system was tested, and for its deposition within the canopy (evaluated under field
conditions) with comparisons made against a conventional orchard air-assisted sprayer.

2. Materials and Methods
2.1. Development and Testing of the CASS
2.1.1. Design of the CASS

The CASS was developed by modifying a conventional multi-unit air-assisted orchard
sprayer. The sprayer chassis is hydraulically driven by a diesel engine and can be remotely
controlled. It is equipped with a 3000 W generator, with a central control box managing
and distributing the power supply. The spraying system consists of a total of eight spray
units, four on each side. The vertical distance between the centers of each spray unit on
the same side is 0.45 m. The distance between the two vertical arms is 0.8 m. To facilitate a
direct comparison with a conventional hydraulic system, only the four units on one side
were modified by replacing the hydraulic nozzles with centrifugal nozzles. The modified
sprayer is shown in Figure 1. The spray boom on the right side retains the conventional
hydraulic system with TR80-01 nozzles, while the left side is equipped with the centrifugal
spraying system. The airflow channel has a diameter of 0.4 m and a length of 0.2 m. For
the centrifugal nozzle installation, two mutually perpendicular iron strips were fixed onto
the airflow channel, each equipped with four screw holes to secure the nozzle. For the
hydraulic nozzle installation, a single iron strip was fixed onto the airflow channel, with a
circular hole drilled through it to accommodate the nozzle body. The centrifugal nozzle
used in this study features dual atomization disks (inner and outer). Droplet size can be
controlled by adjusting the rotational speed of the disks, a relationship characterized in
our previous work [28]. In the present study, the rotational speed was programmatically
controlled to achieve a target droplet size of 50 µm. During operation, the rated power of
each centrifugal nozzle was 235 W. The fan in each spray unit is driven by a brushless motor,
with its speed regulated by an electronic speed controller. A schematic of the electrical
circuit distribution for the nozzles and fans is provided in Figure 2a. Liquid is supplied
to the nozzles by a diaphragm pump, with flow rate controlled by a distribution valve.
Since the flow rate of centrifugal nozzles cannot be characterized by water pressure alone,
a rotameter was installed upstream of each centrifugal nozzle to monitor and regulate the
individual flow rates (Figure 2b).
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Figure 1. The modified orchard air-assisted sprayer: one side was equipped with four centrifugal
air-assisted spraying units; the other side was fitted with four conventional hydraulic spray units.

Figure 2. Schematic diagram of the control and distribution system for the air-assisted sprayer.
(a) schematic diagram of electrical control and distribution; (b) schematic diagram of waterway
control and distribution.

2.1.2. Vertical Deposition Distribution Test and Evaluation of the Sprayer

The vertical deposition distribution is a key indicator for assessing spray uniformity
and effectiveness. By testing the vertical distribution of droplets, the spray coverage
and deposition characteristics can be accurately determined, providing critical data for
optimizing spray system design, improving application efficiency, and ensuring consistent
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spray performance. Therefore, the vertical deposition distribution of the developed system
was evaluated.

The vertical deposition distribution was measured using a vertical patternator
(AAMS.be, Mardheim, Belgium), as shown in Figure 3. The apparatus consists of a drive
platform and a collector assembly. The drive platform includes a 4 m-long rail and a motor-
driven base. The base, powered by a 12 V motor, moves along the rail at a constant speed
via a gear mechanism. The collector stand is 4.5 m tall and is equipped with collection trays
mounted at 20 cm intervals, each connected to a 100 mL measuring cylinder for collecting
spray droplets. The lowest tray is positioned 0.5 m above the ground.

Figure 3. Schematic diagram of the vertical deposition distribution test of the centrifugal spray
system. (a) Structure chart of the vertical patternator. (b) The angle of spray unit; (c) field test of the
vertical deposition distribution.

The installation angles of the individual spray units are shown in Figure 3b. To
counteract the effect of gravity on the droplet, the lowest spray unit was angled upward by
20◦. During testing, the position of the profile tester remained fixed, while the horizontal
distance between the nozzles and the vertical patternator was varied at 0.5 m, 0.75 m,
1.0 m, 1.25 m, and 1.5 m. Three different outlet air velocities were tested: 4 m·s−1, 7 m·s−1,
and 10 m·s−1. Each treatment was conducted with three replications. These values were
selected to systematically investigate the influence of air velocity on droplet distribution.

2.2. Field Evaluation of the CASS on Pear Trees

The field trial was conducted in a pear orchard at the Tianping Lake Base of the
Shandong Institute of Pomology (117.0◦ E, 36.2◦ N), located in Taian City, Shandong
Province. The orchard grows various fruit crops, including pear, apple, cherry, and peach
trees. The surrounding terrain is relatively open, with a ground slope not exceeding 5◦.
The selected pear plot had row spacing of 4.2–4.5 m and plant spacing of 3.5 m, covering
an area of 140 m in length and 60 m in width (Figure 4). Pear trees were 10 years old, with
a height of 2.8–3.0 m and a canopy width of 2.5–3 m. Trees were at the same growth stage,
and received uniform annual pruning such that their Foliage Area Volume Density (FAVD)
was considered comparable. To obtain canopies with different FAVD for comparison, half
of the trees were pruned to reduce the leaf density without altering the overall canopy
structure.
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Figure 4. The experimental pear orchard at the Tianping Lake Base of the Shandong Institute of
Pomology (Tai’an, China).

2.2.1. Measurement of Canopy FAVD

Canopies with two leaf densities were sampled to determine their FAVD. A stratified
sampling protocol was implemented to quantify leaf number within a defined canopy
area. Each canopy was vertically divided into upper, middle, and lower strata, with four
sampling points established in both the middle and lower strata, and two points in the
upper strata (Figure 5a). A 50 cm cubic sampling frame was deployed as a standard-
ized measurement unit. This frame was systematically positioned at each predetermined
sampling location, followed by complete enumeration and recording of leaves contained
within its volume (Figure 5b). Upon completion of leaf counting at each sampling site, ten
representative leaves were selected as specimens. These leaf samples were digitized using
a scanner at 600 dpi resolution. The pixel count of the collected leaves from each sampling
area was then extracted and converted to leaf area. Finally, the FAVD of the pear trees was
calculated according to the following formula:

Slea f =

∑10
i=1

(
Nlea f

Nre f
× Sre f

)
i

10
× N (1)

FAVD=

∑10
j−1

(Slea f

V

)
j

10
(2)

where Sleaf is the total leaf area in the sampling region (cm2), Nleaf is the total pixel count
of leaves in the sampling region, Nref is the pixel count of the standard reference object,
Sref is the area of the standard reference object (cm2), N is the number of leaves within the
sampling frame, and V is the volume of the cubic sampling frame (m3).
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Figure 5. Measurement of canopy FAVD. (a) The distribution of the counting points within the canopy.
(b) The leaves enclosed within the white frame were counted to calculate FAVD.

2.2.2. Measurement of Wind Fields Within the Canopy

Air velocity at different positions within the canopy was measured using a thermal
anemometer (Testo 405i, Testo SE & Co. KGaA, Berlin, Germany). The sensor’s sampling
frequency was set to 1 Hz, with an accuracy of 0.01 m·s−1. As shown in Figure 6, five
vertical PVC pipes, each 2.8 m long, were installed in the canopy as measurement supports.
Pipes at 0.0 m and 3.0 m were placed outside the canopy to measure boundary air velocity.
Pipes at 0.75 m, 1.5 m, and 2.25 m were positioned inside the canopy. The pipe at 1.5 m
was located at the center of the canopy. The horizontal spacing between adjacent PVC
pipes was 0.75 m. The anemometers were mounted on the PVC pipes at vertical intervals
of 0.25 m, with the lowest probe positioned 0.6 m above the ground. To ensure accurate
measurement of the airflow generated by the sprayer, the intake tube of each probe was
aligned parallel to the travel direction of the sprayer.

Figure 6. Schematic of wind field measurement within the canopy.

Prior to the experiment, all sensors were activated and checked, with connection status
verified via the smartphone app. When starting the test, all fans were adjusted to an outlet
air velocity of 8 m·s−1. The sprayer was then remotely controlled to move forward at a
steady speed of 0.8 m·s−1. This study focused on measuring the air velocity distribution
on one side; therefore, each measurement concluded after the sprayer completed a single
pass. After each test, measurement data were exported using the Testo Smart Probes App.
The airflow characteristics under two different FAVD conditions were measured, with three
replicates for each condition.
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2.2.3. Evaluation of the Deposition Distribution Characteristics of a Single Centrifugal
Spray Unit in the Canopy

The single-unit, one-sided spray test was designed to establish a baseline for the
intrinsic deposition characteristics of the centrifugal atomizer, free from multi-unit interfer-
ence, thereby providing a fundamental reference for understanding droplet transport and
guiding subsequent multi-unit optimization.

The experimental setup is illustrated in Figure 7a, where five PVC pipes are used
as sample supports, maintaining the same relative positions as described in Section 2.2.2.
Double-headed clips were mounted on the PVC pipes at 0.25 m intervals to hold sampling
cards, with the lowest clip positioned 0.6 m above the ground. Two kromekote cards
(40 mm × 50 mm) were fixed on each clip to represent the adaxial and abaxial leaf surfaces,
respectively. An 8 g·L−1 carmine solution was used as a tracer.

 

Figure 7. The sample arrangement method and the field operation of centrifugal air-assisted spray
system. (a) Schematic of the kromekote card layout. (b) Application route of the sprayer during
deposition testing of a single centrifugal spray unit. (c) Field photograph of the sprayer during
application. (d) Application route of the sprayer during the deposition comparison test between
centrifugal and hydraulic spray systems.

Before testing, the sprayer was started, and the flow control valve was adjusted to
allow only the second spray unit (from the bottom) to operate with water. The flow rate
of the spray unit was set to 0.9 L·min−1. The sprayer was remotely controlled to move
forward at a constant speed of 0.8 m·s−1 along the path shown in Figure 7b. After spraying,
all kromekote cards were collected and mounted on blue A4 paper for scanning at 600 dpi.
Tests were conducted under three outlet air velocities (4 m·s−1, 8 m·s−1, and 11 m·s−1) and
two canopy density levels (normal FAVD and low FAVD), with three replicates for each
condition.
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2.2.4. Comparison of Deposition Between Centrifugal and Hydraulic Spray Systems

This section presents a comparative analysis of the deposition characteristics of the
two spray systems when all spray units on one side were operated simultaneously. The ex-
perimental setup for sample collection remained identical to that described in Section 2.2.3.
Prior to testing, the sprayer was activated, and the flow control valve was adjusted to
supply water only to the four nozzles on one side. For the hydraulic nozzle system, the
pressure was set to 400 kPa, corresponding to a flow rate of 0.9 L·min−1 per spray unit
(3.6 L·min−1 of total system). For the centrifugal nozzle system, two flow rate levels were
tested: 3.6 L·min−1 (equivalent to the hydraulic system) and 2.6 L·min−1 (representing a
30% reduction in application volume). The treatment settings for the deposition evaluation
of these two spray systems are shown in Table 1. The outlet air velocity for all four spray
units was set to 8 m·s−1. The sprayer was then remotely controlled to move forward
at a constant speed of 0.8 m·s−1 along the path shown in Figure 7d. After spraying, all
kromekote cards were collected and mounted on blue A4 paper for scanning at 600 dpi.
Each treatment was conducted with three replications.

Table 1. Treatment settings for the deposition evaluation of two spray systems.

Treatments Spray
System

Pressure
(kPa)

Flow Rate
per Nozzle
(L·min−1)

Total Flow
Rate

(L·min−1)

FAVD
(m2·m−3)

1 centrifugal / 0.65 2.6 3.3
2 centrifugal / 0.9 3.6 3.3
3 hydraulic 400 0.9 3.6 3.3
4 centrifugal / 0.65 2.6 1.4
5 centrifugal / 0.9 3.6 1.4
6 hydraulic 400 0.9 3.6 1.4

3. Results
3.1. Evaluation Result of Vertical Deposition Distribution

Figure 8 illustrates the vertical droplet distribution patterns under different outlet
air velocities. At a constant droplet transport distance, the distribution for all three air
velocities exhibits a normal distribution, characterized by higher droplet density at the
center of the spray system and lower density towards the edges. For instance, at an
outlet air velocity of 8 m·s−1 and a transport distance of 1.0 m, the deposition values at
heights of 0.5 m, 0.9 m, 1.3 m, 1.7 m, 2.1 m, and 2.5 m were 37.8 µL·cm−2, 128.0 µL·cm−2,
143.8 µL·cm−2, 90.3 µL·cm−2, 63.8 µL·cm−2, and 12.3 µL·cm−2, respectively. Additionally,
as the droplet transport distance increased, the coverage area of the spray plume decreased.
This phenomenon was particularly pronounced at lower air velocities. Specifically, at an
outlet air velocity of 4 m·s−1 and a height of 2.5 m, the deposition values at spray distances
of 0.5 m, 0.75 m, 1.0 m, 1.25 m, and 1.5 m were 29.8 µL·cm−2, 9.5 µL·cm−2, 1.8 µL·cm−2,
3.75 µL·cm−2, and 5 µL·cm−2, respectively. This phenomenon highlights the critical role of
air-assist energy in sustaining droplet momentum. When the airflow velocity falls below
a certain threshold, droplets rapidly lose kinetic energy, resulting in limited horizontal
coverage and a narrower effective spray swath.

3.2. FAVD of Pear Tree Canopies

Through measurement and analysis, data on average leaf area and leaf count were
obtained through measurement and analysis (Table 2). The results indicate that, owing to
the use of the same pear cultivar, the average single leaf area was relatively consistent across
zones, ranging from 41 to 45 cm2, with no significant differences observed. However, leaf
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numbers differed markedly between density zones: the normal leaf density zone contained
860–1070 leaves, while the low leaf density zone had a significantly reduced count of
380–430 leaves, representing only 35–45% of that in the normal-density zone. The FAVD
values, calculated based on Equations (1) and (2), are presented in Table 1. The average
FAVD was 3.3 m2·m−3 in the normal-density zone and 1.4 m2·m−3 in the low-density zone,
showing a clear distinction between the two canopy density conditions.

Figure 8. Vertical droplet distribution under three different outlet air velocities. (a) The outlet air
velocity is 4 m·s−1. (b) The outlet air velocity is 8 m·s−1. (c) The outlet air velocity is 11 m·s−1.

Table 2. Average leaf area, leaf number, and, as would be expected, FAVD in different leaf density
zones.

Trees Tree 1 Tree 2 Tree 3
FVAD

(m2·m−3)Parameters Leaf Area
(cm2)

Leaf
Amount

Leaf Area
(cm2)

Leaf
Amount

Leaf Area
(cm2)

Leaf
Amount

Normal leaf density 44.3 866 41.9 963 42.4 1063 3.3
Low leaf density 43.9 387 41.3 414 42.1 427 1.4

3.3. Airflow Distribution Within Pear Tree Canopies

The airflow distribution at different positions within the canopy is shown in Figure 9.
Under the normal FAVD condition (3.3 m2·m−3), the airflow exhibited a distinct gradient:
the 0 m position, being unobstructed by the canopy, recorded the maximum velocity of
4.62 m·s−1. As the measurement points moved inward, the airflow velocity gradually
decreased, reaching its minimum at the 1.5 m position, where most measurement points
showed velocities below 1.5 m·s−1, with a minimum value of 0.53 m·s−1.

Figure 9. Airflow distribution within canopies under two leaf density conditions. (a) The leaf density
is 3.3 m2·m−3. (b) The leaf density is 1.4 m2·m−3.
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Under the low FAVD condition (1.4 m2·m−3), the airflow velocity at the 0 m position
was similar to that under the normal FAVD condition. However, significantly higher
velocities were observed at the 0.75 m and 1.5 m positions. The maximum velocity at 0.75 m
reached 5.2 m·s−1, while most measurement points at 1.5 m exceeded 2.0 m·s−1.

Furthermore, the airflow attenuation to the canopy center was calculated based on the
average velocities at the 0 m and 1.5 m positions. The attenuation rates were 46.3% and
23.8% under the normal (3.3 m2·m−3) and low (1.4 m2·m−3) FAVD conditions, respectively.
This difference is attributable to the higher canopy resistance under denser conditions,
where greater leaf area density increases airflow–leaf interactions and energy dissipation,
whereas the sparser canopy allows better airflow penetration.

3.4. Deposition Distribution Characteristics of a Single Centrifugal Spray Unit Within the Canopy

Under the FAVD of 3.3 m2·m−3, the coverage rates for the three outlet air velocities
are shown in Figure 10a–c. On the adaxial leaf surfaces, at 4 m·s−1, droplet deposition
exhibited a significant downward shift as the spray distance increased. Specifically, at
the 0 m position, effective coverage was observed across the vertical range of 0.6–2.6 m.
However, as measurements moved inward through the canopy, the coverage gradually
shifted downward. At the 2.25 m and 3 m positions, droplet densities above 1.6 m height
were all below 0.5 droplets·cm−2. Taking the position with the highest coverage on each
sampling pipe as the spray center, the centers for five pipes (at the positions of 0.0 m,
0.75 m, 1.5 m, 2.25 m, and 3.0 m) were at 1.6 m, 1.6 m, 1.35 m, 1.1 m, and 0.6 m height,
respectively. When the outlet air velocity increased to 8 m·s−1, the spray centers for the
sampling pipes were 1.6 m, 1.6 m, 1.6 m, 1.85 m, and 1.85 m height, respectively. At
11 m·s−1, the corresponding centers were 1.6 m, 1.85 m, 1.6 m, 1.35 m, and 1.1 m height.
Notably, the 8 m·s−1 outlet velocity resulted in the widest vertical coverage, with effective
deposition detected throughout the 0.6–2.6 m range.

Figure 10. Droplet deposition distribution in the canopy from a single centrifugal nozzle. The
segmented heatmaps illustrate droplet deposition on both adaxial and abaxial leaf surfaces at different
canopy positions. In the figure, red represents deposition on adaxial surfaces, while blue represents
deposition on abaxial surfaces. The horizontal axis denotes the sampling position relative to canopy
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depth, and the vertical axis indicates the sampling height above the ground. (a) The deposition
characteristics of 4 m·s−1 outlet velocity under the leaf density of 3.3 m2·m−3. (b) The deposition
characteristics of 8 m·s−1 outlet velocity under the leaf density of 3.3 m2·m−3. (c) The deposition
characteristics of 11 m·s−1 outlet velocity under the leaf density of 3.3 m2·m−3. (d) The deposition
characteristics of 4 m·s−1 outlet velocity under the leaf density of 1.4 m2·m−3. (e) The deposition
characteristics of 8 m·s−1 outlet velocity under the leaf density of 1.4 m2·m−3. (f) The deposition
characteristics of 11 m·s−1 outlet velocity under the leaf density of 1.4 m2·m−3.

On the abaxial leaf surfaces, droplets primarily deposited at the proximal spray
positions (0 m and 0.75 m). The average coverage at position of 0 m for 4, 8, and 11 m·s−1

outlet velocities were 0.43%, 0.71%, and 0.37%, respectively. While at position of 0.75 m,
they were 0.14%, 0.59%, and 0.09%. In the distal spray regions (1.5 m, 2.25 m, and 3 m), the
average coverage was below 0.1%.

Under the low FAVD condition (1.4 m2·m−3), coverage rates for the three air velocities
are shown in Figure 10d–f. For adaxial surfaces at 4 m·s−1, droplet deposition showed a
marked downward shift, similar to that observed in the normal-density canopy. Specif-
ically, at the 2.25 m and 3 m positions, droplet densities above 1.6 m height were below
0.5 droplets·cm−2. The spray centers for five pipes were 1.6 m, 1.85 m, 1.35 m, 0.85 m, and
0.6 m, respectively. At 8 m·s−1, the centers were 1.6 m, 1.6 m, 1.35 m, 1.6 m, and 1.1 m, and
at 11 m·s−1, they were 1.6 m, 1.6 m, 1.35 m, 1.1 m, and 0.6 m.

For abaxial surfaces, similar to the normal density canopy, droplets mainly deposited
in the proximal spray zone. The average coverage rates at position of 0 m for 4, 8, and
11 m·s−1 were 0.22%, 0.26%, and 0.12%, respectively, and at position of 0.75 m, they were
0.07%, 0.26%, and 0.23%. In the distal spray regions, the average coverage remained below
0.1% for all outlet air velocities.

In summary, the three air velocities yielded distinctly different vertical patterns:
4 m·s−1 caused progressive downward spray-center shift due to insufficient momen-
tum; 11 m·s−1 caused premature deposition on upper foliage before deeper penetra-
tion; and 8 m·s−1 maintained the center near 1.6 m with the widest coverage (0.6–2.6 m)
even at distal positions. The velocity effect was clearest on abaxial surfaces at 0.75 m,
where 8 m·s−1 achieved 0.59% coverage—four times that of 4 m·s−1 and six times that of
11 m·s−1—confirming its optimal balance between droplet transport and momentum con-
trol. Overall, higher velocities (8 and 11 m·s−1) produced more stable spray centers and
broader coverage than 4 m·s−1, with 8 m·s−1 performing best. Under denser canopies, the
spray center shifted downward with depth due to foliage-induced airflow attenuation; this
shift was less pronounced in sparse canopies, where better airflow penetration allowed
more consistent distribution. Abaxial deposition remained confined to the proximal zone
(<0.75 m), with distal coverage below 0.1% across all conditions.

A significance analysis of abaxial leaf surface coverage under different outlet air
velocities was conducted, and the results are shown in Figure 11. Under the FAVD of
3.3 m2·m−3 (Figure 11a), significant differences in abaxial coverage were generally observed
between different air velocities. In the proximal spray zone (position of 0.0 m and 0.75 m),
coverage at 8 m·s−1 differed significantly from that at 11 m·s−1. At the 1.5 m and 2.25 m
positions, significant differences were found between 4 m·s−1 and 8 m·s−1. Furthermore,
at the 3.0 m position, coverage under all three air velocity conditions differed significantly
from each other. In contrast, under the FAVD of 1.4 m2·m−3 (Figure 11b), significant
differences in coverage between air velocities were only observed at the 2.25 m position.

In essence, canopy density modulates the responsiveness of abaxial deposition to air
velocity changes: significant velocity effects were widespread in the dense canopy but
limited to the distal zone in the sparse canopy, indicating that denser canopies demand
more careful velocity optimization for adequate undersurface coverage.
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Figure 11. Coverage and significance on abaxial leaf surfaces at different outlet air velocities. (a) The
FAVD is 3.3 m2·m−3. (b) The FAVD is 1.4 m2·m−3.

3.5. Deposition Result of Centrifugal and Hydraulic Spray Systems

Under the FAVD of 3.3 m2·m−3, coverages for three treatments are shown in
Figure 12b–d. To facilitate description and understanding, the sample orientation is defined
relative to the airflow direction during spraying from the side near the pipe at 0 m. The
windward side is designated as Surface A, and the leeward side as Surface B (Figure 12a).
When the centrifugal nozzle operated at a flow rate of 2.6 L·min−1, the average coverage
values on Surface A at positions 0–3 m were 68.5%, 46.3%, 36.7%, 16.2%, and 6.8%, re-
spectively. The corresponding values on Surface B were 9.9%, 16.0%, 34.1%, 52.3%, and
74.9%. The data indicate that coverage on the outer canopy abaxial leaf surfaces (Surface
A at 0 m and 0.75 m and Surface B at 2.25 m and 3 m) was significantly lower than in
other areas. This phenomenon is likely attributable to a marked decrease in the number of
droplets penetrating from the opposite side at these locations, with the droplets reaching
the leaf undersides through direct flow deflection being insufficient to offset this deficit.
The pattern was also observed in the other two treatments; therefore, deposition in these
regions is the focus of further analysis.

Table 3 presents the coverage and droplet density at these four key positions in the
outer canopy. The parameters of the six treatments are described in Table 1. The centrifugal
nozzle at the reduced flow rate of 2.6 L·min−1 (treatment 1) showed coverages comparable
to the hydraulic nozzle (treatment 3) at some positions but delivered notably higher droplet
densities. When its flow rate was increased to 3.6 L·min−1 (treatment 2), the centrifugal
nozzle achieved a substantial increase in coverage across all key positions.

Table 3. Coverage and droplet density at four key positions under different treatments.

Treatments

Surface B at 0.0 m Surface B at 0.75 m Surface A at 2.25 m Surface A at 3.0 m

Coverage
(%)

Droplet
Density

(Droplets·cm−2)

Coverage
(%)

Droplet
Density

(Droplets·cm−2)

Coverage
(%)

Droplet
Density

(Droplets·cm−2)

Coverage
(%)

Droplet
Density

(Droplets·cm−2)

1 9.9 (6.7) 177.6 (52.3) 16.0 (16.1) 166.8 (34.0) 6.8 (3.7) 114.4 (49.1) 16.2 (10.2) 168.5 (64.1)
2 21.9 (15.6) 148.5 (48.5) 32.0 (20.4) 135.6 (67.3) 36.6 (21.9) 151.3 (45.4) 35.5 (14.7) 108.8 (26.8)
3 9.8 (6.0) 119.1 (40.8) 16.1 (9.0) 135.3 (18.3) 9.3 (6.2) 138.1 (72.0) 33.0 (14.4) 84.0 (21.6)
4 14.1 (11.2) 128.2 (63.6) 23.0 (23.6) 124.8 (51.4) 20.9 (14.5) 170.8 (53.5) 12.4 (9.5) 147.9 (56.5)
5 24.1 (16.0) 161.6 (54.5) 39.4 (24.9) 114.8 (56.2) 52.5 (32.5) 120.7 (50.1) 22.5 (16.9) 124.4 (82.5)
6 17.4 (6.5) 156.3 (32.7) 34.3 (15.2) 101.3 (28.7) 20.9 (17.9) 142.4 (43.7) 18.7 (14.4) 134.6 (36.8)

The standard deviation is indicated in parentheses.

Under the FAVD of 1.4 m2·m−3, coverages for three treatments are shown in
Figure 12e–g. Similar to the normal-density condition, coverage on the outer canopy sam-
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ples was notably lower than in other areas. The centrifugal nozzle at 3.6 L·min−1 (treatment
5) generally provided higher coverage than both its reduced-rate counterpart (treatment 4)
and the hydraulic nozzle (treatment 6), while maintaining competitive droplet densities.

Figure 12. Deposition characteristics of different treatments under two FAVD conditions. The
segmented heatmaps illustrate droplet deposition on both adaxial and abaxial leaf surfaces at different
canopy positions. In the figure, yellow-red colors represent deposition on adaxial surfaces, while
gren-blue colors represent deposition on abaxial surfaces. The horizontal axis denotes the sampling
position relative to canopy depth, and the vertical axis indicates the sampling height above the
ground. (a) The definition of the sample orientation. (b) Deposition characteristics of the centrifugal
nozzle at 2.6 L·min−1 under a FAVD of 3.3 m2·m−3 (treatment 1). (c) Deposition characteristics of
the centrifugal nozzle at 3.6 L·min−1 under a FAVD of 3.3 m2·m−3 (treatment 2). (d) Deposition
characteristics of the hydraulic nozzle at 3.6 L·min−1 under a FAVD of 3.3 m2·m−3 (treatment 3).
(e) Deposition characteristics of the centrifugal nozzle at 2.6 L·min−1 under a FAVD of 1.4 m2·m−3

(treatment 4). (f) Deposition characteristics of the centrifugal nozzle at 3.6 L·min−1 under a FAVD of
1.4 m2·m−3 (treatment 5). (g) Deposition characteristics of the hydraulic nozzle at 3.6 L·min−1 under
a FAVD of 3.3 m2·m−3 (treatment 6).
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A significant analysis of the average coverage at different positions was conducted
(p < 0.05); the results are shown in Figure 13. Under the FAVD of 3.3 m2·m−3, the centrifugal
nozzle at 3.6 L·min−1 achieved significantly higher coverage on the abaxial surface at
2.25 m compared to the hydraulic nozzle. Additionally, on the adaxial surface at 3 m, the
centrifugal nozzle at 3.6 L·min−1 significantly outperformed other two treatments.

Figure 13. Average coverage at different positions. (a) Average coverage under the FAVD of
3.3 m2·m−3. (b) Average coverage under the FAVD of 1.4 m2·m−3. (Treatment 1 represents the
centrifugal nozzle at 2.6 L·min−1 under a FAVD of 3.3 m2·m−3. Treatment 2 represents the cen-
trifugal nozzle at 3.6 L·min−1 under a FAVD of 3.3 m2·m−3. Treatment 3 represents the hydraulic
nozzle at 3.6 L·min−1 under a FAVD of 3.3 m2·m−3. Treatment 4 represents the centrifugal noz-
zle at 2.6 L·min−1 under a FAVD of 1.4 m2·m−3. Treatment 5 represents the centrifugal nozzle at
3.6 L·min−1 under a FAVD of 1.4 m2·m−3. Treatment 6 represents the hydraulic nozzle at 3.6 L·min−1

under a FAVD of 1.4 m2·m−3).

Under the low FAVD of 1.4 m2·m−3, more significant differences were observed
between treatment 4 and the other two treatments. At the abaxial surfaces of the 1.5 m,
2.25 m, and 3 m positions, the coverage under treatment 4 was significantly different from
treatment 5 and treatment 6. Furthermore, the abaxial coverage under treatment 4 was
significantly lower than treatment 5.

4. Discussion
This study developed a centrifugal air-assisted spraying system and implemented

it on an orchard sprayer. Similar to conventional multi-unit orchard sprayers, droplet
downward drift was also observed in this system. As the distance increased from 0.5 m
to 1.5 m, droplets concentrated at lower positions. Particularly at an outlet air velocity of
4 m·s−1, almost no droplet deposition was detected above 2.0 m height at a distance of
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1.5 m. This indicates a weakened coupling between the airflow and droplets, with droplet
motion at this height becoming dominated by gravity. The coupling mechanism between
particles and flow fields has been studied by many researchers. The Stokes number is
commonly used to describe this coupling relationship—the smaller the Stokes number, the
stronger the coupling between particles and the flow field. In the context of this study,
the degree of coupling between the airflow and droplets is negatively correlated with air
velocity and droplet size: higher air velocity and smaller droplet size result in stronger
coupling [29]. Therefore, under low outlet air velocities, droplets tend to concentrate
downward. To counteract this trend, adjusting the inclination angle of the spray units is
an effective approach. Based on the results presented in Section 3.1, the adapted spray
system exhibited a vertical spray pattern that followed a normal distribution, resembling
that of conventional systems. This pattern aligns well with the spindle-shaped architecture
of pear tree canopies [30], confirming that the adapted system preserves adequate vertical
coverage.

In air-assisted spraying, airflow within the canopy is a critical factor that cannot be
overlooked, as deposition is influenced by the interaction between leaves and airflow. In
this study, the airflow gradually attenuated with increasing canopy depth, which can be
attributed to two main factors: natural airflow decay and obstruction by canopy [6,31,32].
Research by Zhang et al. [30] demonstrated that foliage density significantly affects airflow
attenuation within the canopy, a finding consistent with the results of this study: the airflow
attenuation rate under the FAVD of 1.4 m2·m−3 was significantly lower than that under
3.3 m2·m−3. Furthermore, unlike uniform canopy models used in indoor studies, fruit tree
canopies exhibit a clustered distribution with significant spatial variability in leaf density,
resulting in a heterogeneous structural characteristic [33,34]. Consequently, substantial
variations in airflow velocity were observed at different heights within the same canopy
depth. Taking the airflow field under the FAVD of 3.3 m2·m−3 as an example, the airflow at
the 2.25 m and 3 m positions displayed a “weaker in the middle, stronger on both sides”
distribution pattern. This indicates that as airflow penetrates deeper into the canopy, it
tends to diffuse toward areas with lower foliage density.

In recent years, pesticide application in orchards has increasingly focused on the
abaxial leaf surface due to its susceptibility to pest and disease infestation. In this study,
each tree was sprayed twice, once from each side. Therefore, deposition on the abaxial
leaf surfaces came from two sources. These include direct, airflow-driven deposition from
the same-side spray and penetration-deposition from the opposite-side spray. In the field
application described in Section 2.2.3, where only unilateral spraying was performed,
abaxial surface deposition relied more heavily on airflow-driven mechanisms. The results
indicate that airflow-driven deposition was most prominent in the outer canopy regions
(0 m and 0.75 m positions). As airflow penetrated deeper into the canopy, its diminished
intensity reduced droplet transport to inner abaxial surfaces. However, higher velocity does
not always improve outcomes due to a fundamental trade-off: insufficient velocity causes
under-penetration, while excessive velocity promotes droplet escape and drift. These
observations suggest an optimal air velocity window that balances canopy coverage with
drift control, consistent with air-assisted spraying fluid dynamics. Research by Shi and
Cheng [29] suggests that particles with greater inertia are more susceptible to centrifugal
effects, causing them to deviate from vortex centers. In the context of this study, when
outlet air velocity increased, droplet inertia also increased, potentially weakening the
airflow-driven deposition effect. This is supported by the results in Section 3.4, where
abaxial deposition in the outer canopy was lower at 11 m·s−1 than at 8 m·s−1. Future
investigations using CFD simulations are needed to systematically quantify the relationship
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between airflow intensity and deposition, and to reveal the underlying mechanisms of
droplet–canopy interactions.

Additionally, data showed higher airflow-driven deposition at the canopy density
of 3.3 m2·m−3 than at 1.4 m2·m−3. This phenomenon occurs because denser canopies
present greater airflow resistance, which promotes the formation of low-pressure zones and
vortices [35,36]. These conditions subsequently favor droplet deposition via airflow-driven
processes. For different types of fruit trees, the results may vary due to differences in
canopy structure. For crops such as peaches and cherries, which typically have more open
canopies, we expect better droplet penetration under the same conditions. In this case,
the advantages of the centrifugal nozzle over the hydraulic nozzle may be diminished.
Conversely, for crops with denser canopies like citrus, the centrifugal nozzle may have a
greater advantage in droplet deposition and will also require higher air-assisted energy.
Therefore, after further optimization of the sprayer, we will also conduct trials in other
orchard crops.

In the comparative tests between the two spray system types, the centrifugal system
operating at a 30% reduced application rate achieved the same coverage but higher droplet
density than the hydraulic nozzle at the standard rate. This high coverage with fine droplets
results from their large numbers per unit spray volume and better leaf spreading, reflecting
uniform distribution rather than high mass per area. Furthermore, the deposition advan-
tage of the centrifugal system on the abaxial leaf surfaces was more pronounced under
higher canopy density conditions. This is because the centrifugal system improves abaxial
leaf deposition through airflow deflection and low droplet inertia. Uncharged droplets
follow the airflow, which bends around leaf edges; finer droplets with lower inertia better
track these deflected streamlines to reach abaxial surfaces, whereas larger droplets resist
deflection and deposit on windward surfaces. This underscores the importance of air-assist
energy and fine droplets for abaxial coverage. This conclusion is consistent with our previ-
ous findings in UAV-based spraying, where droplets of 40 µm achieved significantly higher
deposition on abaxial leaf surfaces than those of 100 µm [28]. However, it is important to
note that smaller droplets have a higher drift potential [37,38]. Therefore, future research
must include a dedicated drift evaluation to assess and mitigate the associated risks.

Energy consumption is an important practical consideration. In this study, the hy-
draulic nozzles required a diaphragm pump consuming approximately 600 W, while each
centrifugal atomizer consumed 235 W. Including the auxiliary airflow fan, the total power
consumption was approximately 1.6 kW for the hydraulic system and 2.8 kW for the cen-
trifugal system. Based on typical operating parameters (2.5 km/h), this corresponds to
an estimated energy consumption of 1.6 kWh·ha−1 and 2.8 kWh·ha−1, respectively. The
centrifugal system thus achieves better deposition performance at the cost of approximately
75% higher energy consumption. However, this trade-off is justified by its improved
canopy penetration and abaxial coverage, which can enhance biological control efficacy and
reduce pesticide waste. The choice between systems should therefore be guided by specific
orchard canopy conditions. Given that the energy difference is primarily attributable to
nozzle design, future work will focus on optimizing the centrifugal nozzle to reduce its
power consumption.

In conclusion, centrifugal nozzles may hold significant potential for efficient agri-
culture, owing to their narrow droplet size spectrum and low-pressure operation, which
minimize drift while improving target deposition efficiency.

5. Conclusions
This study integrated centrifugal nozzles into a centrifugal air-assisted spray system,

developing a novel centrifugal air-assisted spraying system. Experimental results demon-
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strated that the fine droplets generated by this system exhibited excellent adaptability
within pear tree canopies. At an outlet air velocity of 8 m·s−1, the system achieved op-
timal droplet distribution and higher coverage on the abaxial leaf surfaces in the outer
canopy regions. The centrifugal system consistently outperformed the hydraulic system in
terms of abaxial deposition, with higher coverage observed at sampling positions in the
proximal and middle canopy zones. Even when the application volume was reduced by
30%, the centrifugal system maintained higher droplet density than the hydraulic system,
confirming its potential for pesticide reduction. However, the smaller drops generated by
the centrifugal system raise questions about increased off-target droplet movement via
wind currents. Therefore, future work should systematically evaluate drift potential under
varying wind speeds and directions. This spray system provides an effective technical
solution for achieving high-efficiency pest control and reducing pesticide usage while
maintaining efficacy in orchard applications.
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