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Abstract: In the last decade, unmanned aerial vehicles (UAVs) for plant protection have rapidly
developed worldwide as a new method for pesticide application, especially in China and other Asian
countries. To improve the deposition quality in UAV applications, adding appropriate types of spray
adjuvants into pesticide solutions is one of the most effective ways to facilitate droplet deposition
and control efficacy. At present, research on spray adjuvants for UAVs are mainly based on droplet
drift and laboratory tests. Few studies have been conducted on the physicochemical properties of
spray adjuvants and the effects of droplet deposition characteristics. To explore the properties of
four different kinds of spray adjuvants (Mai Fei, Bei Datong, G-2801, and Agrospred 910) and the
deposition characteristics of spray adjuvants on litchi leaves, an automatic surface tension meter,
a contact angle measuring device, an ultraviolet visible spectrophotometer, and a DJI AGRAS T30
plant protection UAV was used to measure the surface tension, contact angle, and droplet deposition
characteristics on litchi under UAV spraying operations. The results showed that the addition of spray
adjuvants could significantly reduce the surface tension of the solution. The surface tension value of
the solution after adding the spray additives was reduced by 53.1–68.9% compared with the control
solution. Among them, the Agrospred 910 spray adjuvant had the best effect on reducing the surface
tension of the solution. The contact angle of the control solution on the litchi leaves varied from
80.15◦ to 72.76◦. With the increase in time, the contact angle of the spray adjuvant solution gradually
decreased, the Agrospred 910 spray adjuvant had the best effect, and the contact angle decreased from
40.44◦ to 20.23◦ after the droplets fell on the litchi leaves for 60 s. The adjuvant solutions increased the
droplet size, but the uniformity of the droplet size decreased. The Dv0.5 of different spray solutions
ranged from 97.3 to 117.8 µm, which belonged to the fine or very fine droplets, and the Dv0.5 of
adjuvants solutions were significantly greater than that of the control solution. The RSs of adjuvant
solutions were very similar and ranged from 0.92 to 0.96, all of which were significantly greater than
the result of the control solution (0.57). Compared with the deposition of the control solution, the Mai
Fei, Bei Datong, and G-2801 solutions clearly increased spray deposition, with total depositions of
0.776, 0.705, and 0.721 µL/cm2, which are all greater than the total deposition of the control solution
of 0.645 µL/cm2. The addition of tank-mixed adjuvants could effectively increase the uniformity
of the spray deposition, and all the average CVs of adjuvant solutions were lower than 96.86%. On
the whole, Mai Fei performed best in increasing the spray deposition and promoting penetration,
followed by Bei Datong and G-2801. Meanwhile, the test can also provide a reference for improving
the utilization rate of UAV pesticide applications.
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1. Introduction

Pesticide applications are one of the most important methods of pest and disease
control, playing a crucial role in ensuring agricultural production and food security in
China. The application rate of pesticide per unit area is about 2.5 times the world average
in China, which ranks among the top in the world [1,2]. Since 2015, China has implemented
the “zero growth” strategy for pesticides; the utilization rate of pesticides had reached 41.8%
until 2022, indicating that nearly 60% of pesticides were wasted. The efficient, scientific,
and rational use of pesticide spraying still has a long way to go.

With the development of agricultural aviation technology, the plant protection UAV
has been widely used as a new type of efficient crop protection machinery in recent years,
especially in some agricultural industries with limited operating conditions, such as paddy
fields, hilly and mountainous areas, and disorderly orchards, due to its advantage of
high efficiency [3,4]. Plant protection UAV has strong adaptability to pesticide application
scenarios for field crops and fruit trees, and have significantly improved pesticide utilization
efficiency compared to manual operations. Therefore, these advances aim to facilitate the
application of UAVs in mountainous orchards with complex terrains [5]. However, the
canopy of fruit trees is larger and denser compared to field crops. When UAVs are used for
pesticide application in orchards, the droplets released from the nozzles penetrate the tree
canopy from top to bottom. In the meantime, parts of the droplets were intercepted by the
canopy, resulting in the uneven distribution of droplets and significantly lower deposition
on the back side of the leaves compared to the front side [6]. Due to the fine droplets and
high concentration of pesticide applied by UAVs, it might also cause serious risks of spray
drift in non-target areas. It does not only fail to guarantee the effectiveness of pest control,
but also exacerbates issues such as pesticide residues and environmental pollution [7].

To strike a balance between efficient spray applications and reducing the spray drift
risk of UAVs on fruit trees such as apple [8], citrus [9,10], peach [11], pear [12], vine-
yards [13], and more, researchers have currently explored the appropriate measures to
prevent drift by giving preference to the most efficient application techniques. These stud-
ies mainly concentrated on nozzle type and droplet size, which can both directly affect
spray drift [14,15] and application parameters such as flight height and velocity. As it
influences the behavior of droplets and the position in contact with the target [16], the
composition of the spray liquid is very important in relation to the application rate as it
enhances the physicochemical attributes of the pesticide solution and the effectiveness of
pest and disease control [17,18]. In particular, adding appropriate types and concentrations
of spray adjuvants is one of the most direct ways to improve the deposition quality in
UAV applications [19]. The addition of appropriate adjuvants in pesticide formulations can
improve the wetting and deposition properties on target surfaces, which will result in the
infiltration and transmission of active ingredients to prevent plants from harmful organ-
isms. Spray adjuvants are normally marketed for their enhancement benefits according to
the function they are designed to perform. Some adjuvants are designed to enhance the
performance of the pesticide by reducing the surface tension of the solution and increasing
the retention of droplets, whereas others are designed to enhance the qualities of the spray
by modifying the physical properties of the spray solution. Xiao et al. found that using a
vegetable oil adjuvant could significantly increase the droplet coverage rate and improve
the cotton defoliation efficacy sprayed by the UAV [20]. To explore the effects of different
spray additives using an XAG XP 2020 plant protection UAV, Lan et al. measured the
surface tension, contact angle, droplet deposition characteristics, and other parameters of
six kinds of aviation spray additives, among which the effect of Be Datong spray additives
was the best [21]. However, the improper addition of adjuvants may cause potential risks
instead. For example, Sun et al. demonstrated that the addition of Silwet 408 and XL-70
may reduce DV50 and increase DV < 100 µm, which has a negative effect on the deposition
of pesticides on peanut plants [22]. Various types of commercial adjuvants and plant
species have a great impact on the behavior of droplets, but the function and mechanism of
adjuvants are not yet fully understood [23].



Agronomy 2024, 14, 2125 3 of 12

Litchi chinensis Sonn. is a subtropical evergreen fruit tree, and China accounted for
approximately 80% of the world’s total litchi cultivation. Guangdong province is the
main production area for litchi. However, this vital fruit crop faces a persistent threat
from a great variety of plant diseases and insect pests. Due to the high temperature and
high humidity in South China, chemical control remains the most effective means for
prevention and treatment. Leaves are critical organs for plant photosynthesis and organic
nutrient production. The adhesion of droplets to leaf surfaces significantly affects pesticide
efficacy [24,25]. Currently, few studies have been carried out on the leaf surface wettability
of litchi. Wang et al. conducted investigations concerning the microstructure of litchi leaf
surfaces and the critical surface tension (CST) as well as the surface free energy (SFE) of
litchi leaves [26]. Song et al. investigated the surface structure of litchi leaves infested with
Aceria litchii, measured different levels of contact angles (CAs), and calculated its polar and
dispersive components. The results showed that the infestation behavior of Aceria litchi
changed the surface structure and chemistry of litchi leaves, which changed the surface
wettability of litchi leaves from hydrophobic to superhydrophobic [27]. However, the
research rarely focused on the effect of adding spray adjuvants on the wettability of litchi
leaves. Moreover, there are few systematic studies that combine indoor field experiments
with UAV-based plant protection for litchi.

Based on the above considerations, this study aims to explore the effects of four dif-
ferent spray adjuvants on the surface tension of the solution, the time-dependent contact
angle of the solutions on litchi leaves, and the droplet deposition characteristics under UAV
spraying operations in litchi orchards. This research aims to contribute to the advance-
ment and application of UAV-based, high-efficiency pesticide spraying technologies for
plant protection.

2. Materials and Methods
2.1. Unmanned Aerial Vehicle Sprayer

A motor six-rotor unmanned aerial vehicle sprayer (AGRAS T30, SZ DJI Technology
Co., Ltd., Shenzhen, China) was used in field tests (Figure 1). The specific parameters of
the plant protection UAV are shown in Table 1. The UAV was assembled with a maximum
diagonal wheelbase of 2145 mm, an unfolded size of length 2858 mm, a width of 2685 mm,
a height of 790 mm, and a propeller diameter of 38 inch. The UAV sprayer was equipped
with a 30 L detachable container, with a total weight (excluding battery) of 26.4 kg and a
maximum spray take-off weight of 66.5 kg (at sea level). Sixteen extended-range flat-fan
nozzles (SX11001VS, Spraying Systems Co, Wheaton, IL, USA), were equipped below the
corresponding rotors of the UAV, producing a total flow rate of 0–7.2 L/min and a working
swath width of 4–9 m. During operations, the sprayer can fly at a maximum speed of
7.0 m/s with a hovering accuracy of ±10 cm when the Datalink Pro Real-Time Kinematic
(D-RTK) was enabled.

Table 1. Main parameters of the DJI AGRAS T30 plant protection UAV.

Main Parameter Values or Type

Dimensions/mm × mm × mm 2858 × 2685 × 790
Max loading capacity/L 30
Maximum flight speed/(m·s−1) 7
Maximum flow rate/L/min 7.2
Spraying width/m 4–9
Nozzle type SX11001VS
Nozzle number 16
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Figure 1. DJI AGRAS T30 six-rotor electric UAV sprayer used in litchi orchard tests.

2.2. Spray Adjuvants

The experiment selected a variety of tank-mixed adjuvants on the market for aerial
application. The selected adjuvants were Mai Fei, Bei Datong, G-2801, and Agrospred
910. The main ingredients and key commercial information of these adjuvants are shown
in Table 2.

Table 2. The main ingredients and key commercial information of spray adjuvants.

Spray Adjuvant Main Ingredients Characteristic Manufacturer

Mai Fei methylated vegetable oil increase wetting and spreading Guangyuan Yinong Co., Ltd., Beijing, China
Bei Datong methylated vegetable oil anti-evaporation and anti-drift Mingshun Agriculture Co., Ltd., Hebei, China
G-2801 high polymer anti-evaporation and anti-drift Daqian Co., Ltd., Shantou, China

Agrospred 910 methylated vegetable oil
nonionic surfactant anti-evaporation and anti-drift Momentive performance materials Co., Ltd., NY, USA

2.3. Experimental Design
2.3.1. Static Surface Tension

The static surface tension of water (CK) and the tank-mixed adjuvant dilutions were
determined using an automatic surface tension meter JK99C (POWEREACH Co., Ltd.,
Shanghai, China) via the Wihelmy plate method. All the tested adjuvants were diluted
with water with a volume fraction of 1%. For each sample, the average of three tests was
calculated and used as the static surface tension value.

2.3.2. Contact Angle

The contact angle measurements were performed using a JC2000D1 contact angle
measuring device (POWEREACH Co., Ltd., Shanghai, China) equipped with drop shape
analysis software (Software Copyright Registration No. 2020SR0134364). During the
experiment, the flat parts of fresh and clean Guiwei litchi leaves were placed horizontally
on the stage of the contact angle measuring device. The droplet image was clearly displayed
on the computer screen by adjusting the focal length of the camera and the brightness of
the halogen lamp. In order to ensure a consistent droplet size, 2 µL of deionized water and
adjuvant solution at each concentration was dripped on the adaxial surface of litchi leaves.
The changing trend in the contact angle of droplets in 0–60 s was recorded by using the
video function of the contact angle measuring device, and the test was run once every 10 s
(click the start measurement button when the liquid drops onto the litchi leaves, and record
the test time as 0). The test was repeated three times, and the results were averaged.
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2.3.3. Field Trails

Field trials were conducted in January, 2022 during the flower bud morphological
differentiation stage at Conghua, Guangdong, China (23◦38′19′′ N, 113◦31′40′′ E) in a
35-year-old (4 years after dwarfing) standardized Guiwei litchi orchard with a small and
sparse canopy shape. The row spacing of the litchi orchard was 6.0 m, and the spacing in
the row was 4.0 m. The litchi trees in the plain orchard had an average height of 4.0 m and a
maximum canopy diameter of 5.0 m. During the test, the T30 plant protection UAV sprayer
was operated 2.0 m above the tree canopy, with a forward speed of 1.8 m/s and a spray
width of 4.0 m. The application volume was 8.0 L/hm2. A portable meteorological station
(WatchDog, Spectrum Technologies, Aurora, IL, USA) was used to measure the weather
conditions during the field experiments, and the station was located upwind of the litchi
orchard at a height of 3 m. The station was used to sample temperature, relative humidity,
and wind speed. The meteorological parameters of treatments are shown in Table 3.

Table 3. Meteorological parameter of each treatment adding spray adjuvants.

Adjuvants Treatment Temperature/◦C Relative Humidity/% Wind Speed/(m·s−1)

Pure water 25.0 47.9 0.5
Mai Fei 22.5 52.6 0.8
Bei Datong 23.8 45.8 0.6
G-2801 18.2 62.3 1.0
Agrospred 910 25.8 55.1 1.5

The spray deposition of water and the four spray adjuvant solutions were measured
in the litchi orchard (Figure 2a). All the spray adjuvant solutions used in the field spray
test were shown in Table 2 with a volume concentration of 1%. To evaluate the droplet
distribution and deposition of each treatment, 5 typical litchi trees were selected from the
application row as sample trees for repetitions. Considering the external features of the
litchi canopy, each canopy was divided into top, middle, and lower layers (Figure 2b). In
each layer of the canopy, 5 points were selected randomly for sampling. Coated papers
(40 × 60 mm) were fixed on the sample points to characterize the spraying performance.
In this case, there were 15 coated papers in total fixed on a sample tree.
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Figure 2. Spray deposition measurement of T30 plant protection UAV sprayer in litchi orchard.

2.4. Sample Processing and Calculation
2.4.1. Droplet Spectrum of Spray Liquids

The droplet spectra of the spray liquids were measured using a laser diffraction system
(SprayTec, Malvern Panalytical Ltd., Malvern, UK) according to ISO standard 25358 [28].
The flat-fan nozzle SX11001VS was mounted 50 cm above the laser analyzer vertically
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between the laser beam transmitter and the receiver lens. In each test, the droplet spectrum
measurements lasted for 10 s. An electric diaphragm pump was applied to maintain the
pressure at 0.3 MPa in accordance with the field trials. Five replicates were conducted
for each solution at the measured pressures in a treatment. The volumetric droplet size
spectrum parameters selected for data interpretation were the 10th percentile diameter
DV0.1, volume median diameter DV0.5, 90th percentile diameter DV0.9, and relative span
(RS).The RS represents the uniformity of the atomized droplets, and the smaller the RS is,
the more uniform the atomization is. The RS was calculated with Equation (1).

RS =
DV0.9 − DV0.1

DV0.5
(1)

2.4.2. Deposition on the Samples

Before the application of each treatment, its original spray liquid was taken as the
mother liquor, and the absorbance of its diluent was measured to quantify the deposition.
To quantify the deposition of the spray liquid on different layers of the litchi canopy, 20 mL
of deionized water was added into the coated paper bags in the laboratory and oscillated
for 2 min, and the absorbance of the eluate was measured at a wavelength of 501 nm by a
UV-1800 ultraviolet–visible spectrophotometer (Meipuda Instrument Co., Ltd., Shanghai,
China). The deposition volume (Vs) of the spraying liquid on the coated papers was
calculated according to Equation (2), and the deposition volume (d) of the spray liquid was
acquired according to the area of the coated papers (Equation (3)).

Vs =
Vw × FLS
Nd × FLa

× 103 (2)

d =
Vs

S
(3)

where Vs is the deposition on the sample, µL; Vw is the volume of the eluent, mL; FLs is
the absorbance value of the eluent; Fla is the absorbance value of the diluted liquid; Nd is
the dilution times of the spray liquid; d is the deposition on the unit area, µL/cm2; and S is
the area of the filter paper, cm2.

In order to evaluate the homogeneity of the droplet deposition distribution in the litchi
canopy, the coefficient of variation (CV) was calculated as the ratio between the standard
deviation of spray deposition values at the different sampling points (in the same layer)
to the mean spray deposition value in that layer. The lower the CV, the more uniform the
droplet distribution in one layer. The calculation method is shown in Equation (4).

CV =

√
∑n

i=1(Xi − X)
n − 1

X
× 100% (4)

where Xi is the spray deposition value of the i-th sampling point, X is the mean spray
deposition over all sampling points, and n is the total number of sampling points.

3. Results and Discussion
3.1. Effect of Spray Adjuvants on Surface Tension

The volume concentration of the four tested adjuvants in this research was only
1%. In this case, the viscosities of the adjuvant solutions were quite close with that of
the control solution. Therefore, this paper mainly focused on the surface tension of the
adjuvant solutions, while the viscosity of the solutions was not measured. The surface
tension of the solutions can be reduced by adding spray adjuvants (Table 4). Compared
with pure water, the surface tension of each kind of adjuvant solution was significantly
reduced, and the reduction in surface tension was in the range from 53.1% to 68.9%. The
Agrospred 910 solution had the lowest surface tension of 22.9 mN·m−1, followed by the
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Bei Datong solution with 25.6 mN·m 1, and the surface tension of Mai Fei and G-2801 were
29.9 mN·m−1 and 34.5 mN·m−1, respectively. It was worth mentioning that there were
significant differences in surface tension between the four adjuvant solutions.

Table 4. Added concentration and surface tension of different adjuvant solutions.

Adjuvant Solutions Concentration/% Surface Tension/(mN·m−1)

CK / 73.6 ± 0.18 a
Mai Fei 1.0 29.9 ± 0.18 c
Bei Datong 1.0 25.6 ± 0.24 d
G-2801 1.0 34.5 ± 0.28 b
Agrospred 910 1.0 22.9 ± 0.16 e

Note: The numbers in the table is the mean ± standard error, and different lowercase letters represent significant
differences for the surface tension of the adjuvant solution.

The spreading characteristics of droplets on the target surface are mainly determined
by the surface tension of the spray solutions [29]. The lower the surface tension of the
spray solution, the larger the spreading area of the deposited droplets. For UAV aerial
applications with low or ultra-low volumes, reducing the surface tension of the spray
solution plays an important role in improving the spreading performance and enhancing
the application effect.

3.2. Contact Angle of Spray Adjuvant on Litchi Leaves

The contact angle of droplets on the surface is determined by the surface tension of
the solid–liquid two phase. The control efficacy of the spray solutions is mainly influenced
by their wetting properties and mechanism of action [30]. Wetting can only occur when
the surface tension of the liquid is lower than the leaf surface [31]. The time-dependent
contact angle is measured to evaluate the wettability of the spray adjuvant on litchi leaves,
as well as to better understand the process of the interaction between droplets and litchi
leaf surfaces. Figure 3 showed the time-dependent contact angle of water and adjuvant
solutions on litchi leaves. For all the tested solutions, the contact angles of droplets on
litchi leaves decreased gradually with the increase in time, but the decreasing trend was
more apparent in the first 10 s. In addition, the difference in the contact angle values for the
different time measurements of the adjuvant solutions was more obvious compared with
the CK solution.

Agronomy 2024, 14, 2125 8 of 12 
 

 

litchi leaves decreased gradually with the increase in time, but the decreasing trend was 
more apparent in the first 10 s. In addition, the difference in the contact angle values for 
the different time measurements of the adjuvant solutions was more obvious compared 
with the CK solution. 

The smaller the surface tension of the liquid, the lower the contact angle on the leaf. 
Because the surface tension of water was the largest, its contact angle on the litchi leaf was 
the maximum. The initial (at 0 s) contact angle of CK was 80.15°, and the final (at 60 s) 
contact angle of CK was 72.26°. By contrast, the addition of adjuvants reduced the contact 
angles of droplets on the litchi leaves dramatically, and the final contact angles of the 
adjuvant solutions ranged from 20.23° to 49.98°. Among all the tested solutions, the 
contact angle of Agrospred 910 was the minimum, with initial and final contact angles of 
40.44° and 20.23° respectively, which showed preferable wettability on litchi leaves. 

 
Figure 3. Time-dependent contact angle of water and different adjuvant solutions on litchi leaves. 

3.3. Effect of Spray Adjuvants on Droplet Spectra 
The mean values of parameters DV0.1, DV0.5, DV0.9, and relative span (RS) are presented 

in Table 5. For the control spraying solution, the DV0.1, DV0.5, and DV0.9 were 66.1 µm, 97.3 
µm, and 129.5 µm, respectively, and the droplet relative span was 0.59. When Mai Fei was 
added to the spray solution, the DV0.5 and DV0.9 of the droplets were 117.8 µm and 175.8 
µm, respectively, which were significantly greater than that of the control solution; 
however, the DV0.1 was 63.3 µm, which showed no significant difference with the control 
solution (p < 0.05). For the Bei Datong, G-2801, and Agrospred 910 solutions, their 
corresponding DV0.5 and DV0.9 were all significantly greater than the results of the control 
solution. In addition, the DV0.5 and DV0.9 of the Mai Fei solutions was significantly greater 
than the results of the Bei Datong, G-2801, and Agrospred 910 solutions. For all the tested 
solutions, the DV0.1 of spray droplets ranged from 54.7 µm to 66.1 µm, and there was no 
significant difference between their DV0.1 (p < 0.05). 

The droplet size is an important indicator to evaluate the characteristics of 
atomization and to compare the atomization quality of the spray [32]. The Dv0.5 of the 
different spray solutions ranged from 97.3 to 117.8 µm, which belonged to the ‘fine’ (F) or 
‘very fine’ (VF) categories according to the ASABE S572.3 Droplet Size Classification [33]. 
The ISO standard 25358 states that the smaller the droplet size is, the more beneficial it is 
for the droplets to be attached on the target [28]. Furthermore, the ‘fine’ (F) and ‘very fine’ 
(VF) droplets are also more conducive to improve the target coverage rate of the UAV 

Figure 3. Time-dependent contact angle of water and different adjuvant solutions on litchi leaves.



Agronomy 2024, 14, 2125 8 of 12

The smaller the surface tension of the liquid, the lower the contact angle on the leaf.
Because the surface tension of water was the largest, its contact angle on the litchi leaf
was the maximum. The initial (at 0 s) contact angle of CK was 80.15◦, and the final (at
60 s) contact angle of CK was 72.26◦. By contrast, the addition of adjuvants reduced the
contact angles of droplets on the litchi leaves dramatically, and the final contact angles of
the adjuvant solutions ranged from 20.23◦ to 49.98◦. Among all the tested solutions, the
contact angle of Agrospred 910 was the minimum, with initial and final contact angles of
40.44◦ and 20.23◦ respectively, which showed preferable wettability on litchi leaves.

3.3. Effect of Spray Adjuvants on Droplet Spectra

The mean values of parameters DV0.1, DV0.5, DV0.9, and relative span (RS) are presented
in Table 5. For the control spraying solution, the DV0.1, DV0.5, and DV0.9 were 66.1 µm,
97.3 µm, and 129.5 µm, respectively, and the droplet relative span was 0.59. When Mai
Fei was added to the spray solution, the DV0.5 and DV0.9 of the droplets were 117.8 µm
and 175.8 µm, respectively, which were significantly greater than that of the control so-
lution; however, the DV0.1 was 63.3 µm, which showed no significant difference with the
control solution (p < 0.05). For the Bei Datong, G-2801, and Agrospred 910 solutions, their
corresponding DV0.5 and DV0.9 were all significantly greater than the results of the control
solution. In addition, the DV0.5 and DV0.9 of the Mai Fei solutions was significantly greater
than the results of the Bei Datong, G-2801, and Agrospred 910 solutions. For all the tested
solutions, the DV0.1 of spray droplets ranged from 54.7 µm to 66.1 µm, and there was no
significant difference between their DV0.1 (p < 0.05).

Table 5. Droplet diameter and relative span of spray solutions.

Spray Solutions DV0.1/µm DV0.5/µm DV0.9/µm RS

CK 66.1 ± 1.4 a 97.3 ± 2.7 c 129.5 ± 1.1 d 0.57 ± 0.02 b
Mai Fei 63.3 ± 0.8 a 117.8 ± 1.6 a 175.8 ± 2.4 a 0.95 ± 0.01 a

Bei Datong 55.5 ± 0.8 a 106.9 ± 2.7 b 155.7 ± 2.4 b 0.94 ± 0.01 a
G-2801 54.8 ± 0.7 a 102.0 ± 1.8 b 153.2 ± 1.7 b 0.96 ± 0.01 a

Agrospred 910 54.7 ± 0.3 a 102.2 ± 0.7 b 149.1 ± 0.6 c 0.92 ± 0.01 a
Notes: Different lowercase letters indicate significant difference among the same column data (p < 0.05).

The droplet size is an important indicator to evaluate the characteristics of atomization
and to compare the atomization quality of the spray [32]. The Dv0.5 of the different spray
solutions ranged from 97.3 to 117.8 µm, which belonged to the ‘fine’ (F) or ‘very fine’ (VF)
categories according to the ASABE S572.3 Droplet Size Classification [33]. The ISO standard
25358 states that the smaller the droplet size is, the more beneficial it is for the droplets to be
attached on the target [28]. Furthermore, the ‘fine’ (F) and ‘very fine’ (VF) droplets are also
more conducive to improve the target coverage rate of the UAV aerial applications with low
or ultra-low volume. The RS of the control solution was 0.57, indicating a homogeneous
droplet size distribution. The RSs of the adjuvant solutions were very similar and ranged
from 0.92 to 0.96, all of which were significantly greater than the result of the control
solution. Therefore, the adjuvant solutions increased the droplet size, but the uniformity of
the droplet size decreased.

3.4. Effect of Spray Adjuvants on Spray Deposition

Figure 4 shows the spray deposition of the spray liquids in the litchi canopy. Compar-
ing the droplet deposition of the spraying solutions on different layers, the middle layer
and the upper layer had similar amounts of deposition, all of which were significantly
greater than that of the lower layer. This might be caused by the occlusion of the peripheral
leaves of the canopy. It can be seen in Figure 2 that the canopy of litchi was spindle-shaped
and the width of the middle layer was greater than that of the upper and lower layers. In
this case, the upper layer had little effect on the middle layer, while the lower layer was
completely shielded by the upper and middle layers.
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Pesticide applications aim at depositing the highest possible amount of the spray
liquid on the target surface [34]. For the control spraying solution, the spray deposition
on the upper, middle, and lower layers was 0.325, 0.263, and 0.057 µL/cm2, respectively.
Compared with the deposition result of the control solution, the Mai Fei, Bei Datong,
and G-2801 solutions clearly increased the spray deposition, with total depositions of
0.776, 0.705, and 0.721 µL/cm2, which are all greater than the total deposition of the
control solution of 0.645 µL/cm2. However, the Agrospred 910 solution held a similar total
deposition with the control solution, indicating very limited effects on the spray deposition.

The deposition amount of the control solution in the litchi canopy was increased with
increasing canopy height, and the depositions on the lower, middle, and upper layers were
0.057, 0.263 and 0.325 µL/cm2, respectively. The spray deposition of the adjuvant solutions
on the lower layer ranged from 0.089 to 0.123 µL/cm2, which was obviously greater than
that of the control solution, indicating that these adjuvants could enhance the penetration
of the spray droplets. It should be mentioned that the depositions on the middle layer of
the Mai Fei and Bei Datong solutions were greater than that of the upper layer, which also
indicated their performance in facilitating penetration. On the whole, Mai Fei performed
best in increasing the spray deposition and promoting penetration, followed by Bei Datong
and G-2801.

3.5. Effect of Spray Adjuvants on Droplet Distributionin the Litchi Canopy

The droplet distribution uniformity of a canopy is commonly described by the coeffi-
cient of variation (CV) [35]. The smaller the CV is, the better the uniformity of the droplet
distribution [36]. To comprehensively evaluate the droplet deposition distribution in the
litchi canopy, the CV of the droplet deposition characteristics was calculated to characterize
the droplet distribution uniformity after the addition of spray adjuvants. Table 6 shows
the coefficient of variation of spraying solutions in the litchi canopy. The control solution
had the highest CVs in the litchi canopy, and the CVs of the control solution in the upper,
middle, and lower layers of the canopy were 113.88%, 110.60%, and 101.47, respectively.
The addition of tank-mixed adjuvants could effectively increase the uniformity of the spray
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deposition, and all the average CVs of the adjuvant solutions were lower than 96.86%. The
Bei Datong solution had the best droplet distribution uniformity, and the average CV of the
spray in the litchi canopy was 71.80%. The uniformity of the droplet distribution of the
G-2801 solution was second with an average CV of 78.50%.

Table 6. Coefficient of variation (CV) of droplet distribution in the litchi canopy.

Adjuvant Solutions
CV (%)

Upper Layer Middle Layer Lower Layer Average

CK 113.88 110.60 101.47 108.65
Mai Fei 86.89 84.57 119.12 96.86
Bei Datong 74.33 71.16 69.92 71.80
G-2801 72.13 84.31 79.06 78.50
Agrospred 910 86.93 86.66 76.35 83.31

4. Conclusions

The performances of four kinds of tank-mixed adjuvant solutions were compared by
analyzing the surface tension, time-dependent contact angle, droplet spectra, and litchi
canopy deposition for UAV aerial application. The results showed that the addition of
adjuvants could significantly reduce the surface tension of the solution, and the surface
tension value of the solution after adding the spray additives was reduced by 53.1–68.9%
compared with the control solution. The contact angle of the control solution on the litchi
leaves varied from 80.15◦to 72.76◦. With the increase in time, the contact angle of the spray
adjuvant solution gradually decreased, the Agrospred 910 spray adjuvant had the best
effect, and the contact angle decreased from 40.44◦ to 20.23◦ after the droplets fell on the
litchi leaves for 60 s. The adjuvant solutions increased the droplet size, but the uniformity
of the droplet size decreased. In the field application, the Mai Fei, Bei Datong and G-2801
solutions clearly increased the spray deposition, with total depositions of 0.776, 0.705, and
0.721 µL/cm2, which are all greater than the total deposition of the control solution of
0.645 µL/cm2. In addition, the addition of tank-mixed adjuvants could effectively increase
the uniformity of the spray deposition, and all the average CVs of the adjuvant solutions
were lower than 96.86%. On the whole, Mai Fei performed best in increasing the spray
deposition and promoting penetration, followed by Bei Datong and G-2801.
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