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Abstract: In order to accurately explore the droplets distribution characteristics on the ground and space during the aerial spray 
process, a single-pass application test based on the determination of effective swath by a Bell206L4 helicopter was carried out.  
The accurate effective swath width of the helicopter spray operation was obtained, and the cumulative and spatial drift 
characteristics of droplet deposition when the helicopter used different aerial nozzles under natural environment were 
systematically analyzed.  The results showed that the average effective swath width of three different types of nozzle were 
25.3 m (CP02), 29.7 m (CP03) and 29.3 m (CP04) with an average flight altitude of 11 m and velocity of 17 m/s.  The average 
deposition volume in the effective swath area of each sampling line was in the range of 1.208-2.735 μL/cm2.  Most of the 
droplets in each application were concentrated near the route and the adjacent locations of the effective swath area.  In addition, 
the droplets with small size were trend to drift, and the increased nozzle orifice size was beneficial to reduce drift.  In terms of 
spatial drift distribution, small-sized droplets usually gathered in the upper space, larger-sized droplets were easy to gather in 
the middle space, and the medium-sized droplets were trend to gather in the lower space.  The research results were helpful to 
optimize the spray plan and provide reference for precision aerial application. 
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1  Introduction  

The ensure and increase of crop yields is vital for social 
stability and economic development, and aerial pesticide 
application is a gradually emerged plant protection method that can 
ensure crop yields in recent years[1,2].  Aerial spraying involves 
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the dispersal of pesticides from high altitudes to the surface of the 
crop with the aid of a medium such as water or oil.  The droplets 
are expected to be deposited at the location of pests and diseases 
and reduce drift[3-5]. 

Affected by aerial spraying conditions and airflow, pesticide 
drift phenomenon is easily occurred, which result in an effective 
droplet deposition weakened[6,7].  Many scholars have conducted 
researches on it.  Thomson et al.[8] used water sensitive paper 
evaluated the droplet deposition of an airplane equipped with a 
flow control system when spraying from different directions, and 
found that the direction of travel had a non-significant effect on the 
magnitude of spray deposition position error.  Fritz[9] documented 
the effects of atmospheric conditions and stability on the deposition 
and drift of aerially applied sprays.  Yao et al.[10,11] studied the 
atomization characteristics of LICHENG and CP aerial nozzles 
equipped by helicopters in the wind tunnel, and found that airflow 
velocity and spray pressure had a significant impact on the droplet 
size and deposition.  There are also related studies on the droplet 
deposition effect under different application target.  Meng et al.[12] 
took peach trees as the application target, studied the aerial spray 
effects of different operating parameters and compared the 
sedimentation differences of two tree shapes.  Wang et al.[13] 
conducted experiments on the droplet deposition and drift 
characteristics of UAV spraying areca, and found that the flying 
height had a significant influence on the droplets, and the farthest 
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droplet drift distance can reach 17.4 meters.  Tang et al.[14] studied 
the influence of tree shape and flight height on the deposition effect 
of UAV spraying citrus trees.  The results showed that the 
deposition effect of droplets between different tree shapes was 
significant.  The flying height of 1.2 m from the top of the tree 
was the best operating height, and the droplet deposition density 
was the highest.  Chen et al.[15] used various types of nozzle to 
investigate the disease and pest control effect of aerial spraying on 
rice, and proved that selecting a nozzle with a small atomizing 
droplet size for UAV could improve the control effect of 
planthoppers.  It is obvious that the influencing factors of aerial 
application are complex and diverse, and there are less basic 
researches on the atomization mechanism of aerial spraying at 
present[16-18], especially the accurate research on deposition and 
drift characteristics of spray droplets.  Moreover, rarely scholars 
pay attention to the determination of the effective swath of 
droplets[19,20]. 

The effective swath width of droplets is the basis of aerial 
spraying research, and its accurate assessment is of great 
significance to the planning of operation route and the 
improvement of spray operation quality[21].  Chen et al.[22] 
conducted a study on the evaluation methods of the effective swath 
width of different UAVs, and the results showed the effective 
swath width evaluation methods was determined according to the 
range of the droplet size.  Yang et al.[23] analyzed the influence of 
the UAV downwash airflow on the effective swath width and 
simulated the test results.  Zhang et al.[24] carried out a research on 
the droplet deposition distribution and drift of M-18B and Thrush 
510G fixed-wing aircraft.  The effective swath width of the two 
aircrafts were accurately measured, and the uniformity of droplet 
deposition distribution under different operating conditions was 
clarified.  Yao et al.[25,26] conducted a variable spray effect study 
on the AS350B3e helicopter equipped with the AG-NAV Guía 
system based on the effective swath width measurement, and the 
droplet deposition and drift distribution characteristics of the 
helicopter were measured.  The results showed that the flight 
speed has no significant effect on the uniformity of the droplet 
deposition distribution in the effective swath area.  But when the 
helicopter was spraying at a flying height of 5 m, a buffer zone of 
at least 50 m should be reserved.  Due to the limitation of the 
aircraft type, spray equipment and flight parameters, the results of 
the above studies are only partly representative and have limited 
applicability.  At the same time, related studies generally lack the 
analysis of the accumulation of droplets and the spatial vertical 
drift. 

In order to accurately understand the movement characteristics 
of the droplets in the process of aerial application, this paper took 
the manned helicopter and its matching fan-shaped spray nozzle as 
the research object, and carried out a single-pass application test 
based on the determination of the effective swath width.  By 
setting ground and spatial sampling points, the accurate effective 
swath width of the helicopter spray operation was obtained, and the 
cumulative and spatial drift characteristics of the droplet deposition 
when the helicopter used different aerial nozzles were 
systematically analyzed.  The research results can provide a 
reference for optimizing the aerial spraying plan and improving the 
efficiency of spray operations. 

2  Materials and methods  

2.1  Manned helicopter and carrying equipment 
All tests were made using a Bell206L4 helicopter (Bell  

Helicopter Textron Inc., Fort Worth, USA), with the fuselage of 
10.56 m × 2.33 m × 3.04 m (Length × width × height).  And the 
main rotor diameter was 11.28 m, tail rotor diameter was 1.65 m, 
with the rotor speed of 395 r/min.  The helicopter was equipped 
with a Simplex 7900 spray system (Simplex Manufacturing 
Company Inc., Auburn, USA) for precision spray control.  The 
tank was located under the belly of the machine with the maximum 
capacity of 600 L, and the spray boom connected with the tank was 
8.6m long.  The tested aerial nozzles were hydraulic CP flat 
nozzles (CP Products, Inc., Tempe, AZ, USA) with a spray fan 
angle of 80°, the spray pressure was 310-345 kPa.  The nozzles 
were arranged backwards in the horizontal direction with the 
number of 51.  The helicopter was also equipped with an airborne 
BeiDou real time kinematic (RTK) differential system with precise 
differential positioning function, which can record flight 
parameters in real time and plot the actual operation trajectory as a 
reference analysis of spraying effects. 
2.2  Spray reagent and sample collection card   

The spray reagent was a 5% urea aqueous solution with a 
preparation volume of 400 L.  The droplet collection card was 
water sensitive paper (WSP) (Chongqing Liuliushanxia Plant 
Protection Technology Co., Ltd, Chongqing, China) with the size 
of 80 mm × 30 mm. 
2.3  Test site and layout 

The experiment was conducted in Qulai Town (114°55′E, 
27°05′N) of Ji'an City, Jiangxi Province, China, and the spraying 
target was grassland with a grass height of 5-10 cm.  As shown in 
Figure 1a, there were three 80 m long droplet sampling lines with a 
spacing of 40 m that were perpendicular to the helicopter flight 
route.  Each sampling line was marked in sequence from west to 
east (W-E) of –40 to 40 m, 0 m was the flight route of helicopter, 
and the flight route was from north to south (N-S).  The area from 
–20 to 20 m was the effective swath width test area (Target area).  
A piece of WSP was arranged at intervals of 1 m and 30 cm from 
the ground.  The area of –40 to –20 m and 20 to 40 m were the 
sampling areas for the spatial drift distribution of droplets 
(Non-target area).  The sampling points were separated by 2 m, 
each point was arranged vertically with three pieces of WSP, and 
the height above the ground was 30 cm, 100 cm and 180 cm.  All 
WSPs were arranged face up, and the helicopter spray test site was 
shown in Figure 1b. 

Single-pass application (1#-3#) was carried out three times in a 
sequence of nozzle CP02, CP03, and CP04.  The flight height and 
velocity of all three tests were set as 11 m and 17 m/s according to 
actual operating experience, and the flight operation parameters 
were recorded in real time by the airborne BeiDou RTK differential 
system.  At the same time, a Kestrel 5500 Link micro weather 
station (Nielsen-Kellerman Co., Boothwyn, USA) was set up 2 m 
from the ground outside the test area for real-time recording of 
meteorological information such as wind speed, wind direction, 
atmospheric pressure, temperature and humidity in the natural 
environment during the test.  The test settings and related 
operation parameters were summarized in Table 1. 
2.4  Data analysis 

After each spray application test, the WSPs were analyzed by 
image processing software DepositScan (USDA. Wooster, USA).  
The droplet deposition of each sampling point can be obtained.  
Meanwhile, mean deposition and coefficient of variation (CV) were 
also calculated.  The CV is used to characterize the uniformity of 
deposition distribution.  The smaller coefficient of variation, the 
more uniform of droplet deposition distribution is[27,28]. 
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a. Layout of sampling for field test 

 

 
b. Helicopter spray test site 

Figure 1  Schematic diagram of test 
 

Table 1  Summary of test operation parameters 

Test Nozzle Spray pressure 
/kPa 

Total spray flow rate 
/L·min-1 

Wind velocity and wind 
direction/m·s-1 

Temperature 
/℃ 

Flight height 
/m 

Flight velocity 
/m·s-1 

1# CP02 345 51.01 0.5/NE 17.9 12.11 16.89 

2# CP03 330 77.01 0.9/N 17.2 10.87 17.58 

3# CP04 310 98.43 1.2/NE 16.4 11.65 16.36 
 

2.5  Determination method of effective swath 
To determine the effective swath, the research methods of 

fixed-wing aircraft[24] and manned helicopter[26] and industrial 
standard MH/T 1040-2011 (2011)[29] were referred.  We took the 
deposition of 1.000 µL/cm2 as a judging standard.  The farthest 
sampling point which deposition volume reached to 1.000 µL/cm2 
on both sides of the route were defined as the starting and ending 
point of the effective swath area.  The distance between these two 
points was the effective swath width. 
2.6  Calculation method of deposition cumulated  

In this paper, the distribution of deposition along the sampling 
distance was drawn by taking the deposition volume as the ordinate 
and the sampling point as the horizontal coordinate[30].  The 
aircraft route at 0 m was set as the starting point, and the deposition 
volume on both sides of the route was accumulated to obtain the 
deposition accumulation percentage curve (Percentage A).  The 
deposition accumulation corresponding to the sampling points on 
both sides of the effective swath boundary was called percentage of 
effective swath boundary in the left area (PEL) and percentage of 
effective swath boundary in the right area (PER), respectively.  In 
addition, the accumulation percentage curve of the entire sampling 

line (Percentage B) can also be obtained by sequentially 
accumulating the deposition from –40 to 40 m.  When the 
cumulative deposition volume reaches 50% of the total cumulative 
deposition volume, the corresponding sampling point position was 
called cumulative midpoint of droplet deposition (CMD). 

3  Results and discussion   

3.1  Effective swath and corresponding deposition effect 
The effective swath width and droplet deposition results for 

each sampling line of each test were shown in Table 2.  The 
results indicated that the average overall deposition volume of each 
sampling line of the three tests was 0.626-1.448 μL/cm2, and the 
difference between each test was obvious, the main reason was that 
the difference in the droplet size and flow rate of three types of 
nozzle.  The measured effective swath width of the helicopter was 
20 to 32 m, and the start and end range were scattered in the range 
of –19 to 18 m of the sampling line.  Among them, the effective 
swath width of test 1# were 29 m (1#-1), 27 m (1#-2) and 20 m 
(1#-3), respectively, and the average effective swath width was 
25.3 m, which was quite different from test 2# and test 3#.  The 
effective swath width of test 2# were 32 m (2#-1), 29 m (2#-2) and 
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28 m (2#-3), respectively, and the average effective swath width 
was 29.7 m.  The effective swath width of test 3# were 31 m 
(3#-1), 25 m (3#-2) and 32 m (3#-3) respectively, and the average 
effective swath width was 29.3 m.  It can be found that when the 
helicopter used CP03 and CP04 nozzles for spraying operations, 
the effective swath width was larger and the values were consistent.  
At the same time, the average deposition in the effective swath area 
of each sampling line was 1.208-2.735 μL/cm2, and the difference 
between the three tests was also obvious.  In addition, the CV of 
the deposition in the effective swath area of each sampling line was 
40.17-61.05%, which indicated a better droplet deposition 
uniformity. 

 

Table 2  Effective swath and corresponding deposition effect 
of each sampling line 

Sampling 
line 

Mean deposition 
of overall 
sampling 

line/μL·cm-2 

Effective  
swath width 

(start and end 
range)/m 

Mean deposition 
of effective  
swath width 
area/μL·cm-2 

CV of deposition 
in effective swath

width area/% 

1#-1 0.731 29(–15-14) 1.208 43.41 

1#-2 0.851 27(–19-08) 1.527 40.87 

1#-3 0.626 20(–10-10) 1.375 54.99 

2#-1 0.906 32(–19-13) 1.491 59.86 

2#-2 0.809 29(–12-17) 1.448 40.17 

2#-3 0.897 28(–10-18) 1.581 57.66 

3#-1 1.448 31(–16-15) 2.504 53.54 

3#-2 1.273 25(–15-10) 2.735 44.09 

3#-3 1.362 32(–18-14) 2.330 61.05 
 

In order to further characterize the droplet deposition 
characteristics of each test, the overall deposition data of the 
effective swath area was analyzed (Table 3).  It can be found that 
the measured standard deviation and CV of the deposition in the 
effective swath area were relatively small, indicating that the 
differences between the sampling lines of the same tests were small.  
However, the average deposition in the effective swath area of the 
three tests was quite different, and the average deposition of the 

three tests were 1.370 μL/cm2 (test 1#), 1.507 μL/cm2 (test 2#) and 
2.523 μL/cm2 (test 3#), respectively.  The increasing trend was 
also consistent with the nozzle orifice sizes from small to large. 

 

Table 3  The overall deposition results in effective swath area 
for each test 

Measured value Test 1# Test 2# Test 3# 

Mean deposition/μL·cm-2 1.370  1.507  2.523  
Standard deviation of deposition 0.16  0.07  0.20  
CV of deposition/% 11.65  4.50  8.06  

 

3.2  Distribution and cumulative effect of droplet deposition 
Based on the determination of the effective swath width, the 

distribution and cumulative of droplet deposition at the sampling 
points of each sampling line were further analyzed (Figure 2).  
The maximum droplet deposition volume of the sampling points of 
the three tests were 3.519 μL/cm2 (1#-3, –8 m), 3.717 μL/cm2 (2#-1, 
–3 m) and 4.921 μL/cm2 (3#-1, 6 m), respectively.  For the test 1#, 
2# and 3#, the maximum droplet deposition volume of the 
sampling points showed a gradual increase trend.  For the 
sampling line, the droplet deposition distribution of each sampling 
line showed a trend of gradually decreasing from the position of the 
flight route (0 m) to the positions on both sides of the route (–40 m, 
40 m).  It can also be clearly seen from Figure 2 that since most of 
the droplets were concentrated near the route and the adjacent 
locations of the effective swath area, both PEL and PER were at a 
level of more than 53%, which indicated that the droplets were 
main deposited in the effective swath area, and the actual 
proportion of the droplet deposition in this area had reached 53% or 
even higher of the total droplet deposition.  Further, the PEL of 
test 1# was in the range of 66.27%-85.91%, the PER was in the 
range of 53.66%-82.61%; the PEL of test 2# was in the range of 
75.84%-81.48%, and the PER was in the range of 75.71%-82.53%; 
the PEL of test 3# was in the range of 73.40%-85.43%, and the 
PER was in the range of 89.37%-93.40%.  Especially, the PER of 
test 3# even reached over 89%, indicating that only less than 11% 
of the droplets in the right area of the route drifted. 

 

 
a. 1#-1 b. 1#-2 c. 1#-3 

 
d. 2#-1 e. 2#-2 f. 2#-3 
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g. 3#-1 h. 3#-2 i. 3#-3 

 

Figure 2  Distribution and cumulative effect of droplet deposition in each sampling line 
 

In addition, the study also found that the CMD of each 
sampling line was not at 0 m on the route.  The CMD of each 
sampling line of test 1# and test 3# were in the left area of the route, 
and the offset distance of 1#-2 was the largest (4.39 m).  For test 
2#, the CMD of 2#-1 was also in the left area of the route, but the 
CMDs of 2#-2 and 2#-3 were in the right area of the route with the 
offset distances of 2.11 m and 1.46 m, respectively.  The possible 
reasons for the result were analyzed from the perspective of airflow.  
The direction of the flight route was from north to south, and the 
natural wind was northeast wind during test 1# and test 3# 
operations.  Affected by the wind direction, more droplets were 
deposited on the left area of the route (downwind area).  During 

the test 2# operation, the natural wind was north wind with the 
direction paralleled to the route.  At this time, the droplet 
settlement was mainly affected by the airflow of the helicopter 
rotor.  The droplets were deposited randomly on both sides of the 
route, and CMD was also randomly scattered on both sides of the 
route.  
3.3  Analysis of deposition percentage 

According to the spray effect, the effective swath area & drift 
area and the route left area & route right area were divided on each 
sampling line.  The effective depositions and the proportions of 
drift (invalid deposition) in each corresponding area were counted.  
Figure 3 showed the distribution of deposition in each area. 

 
a. Percentage of total droplet deposition b. Percentage of single-sided droplet deposition c. Percentage of single-sided drift 

 

Figure 3  The distribution percentage of the deposition in each area 
 

From Figure 3a, the deposition percentage of the effective 
swath area of test 1# was in the range of 65.78%-75.01%; the 
deposition percentage of the effective swath area of test 2# was in 
the range of 75.77%-81.96%; and the deposition percentage of the 
effective swath area of test 3# was in the range of 82.32%-87.07%.  
It can be clearly found that the percentage of droplet deposition in 
the effective swath area increased with the the nozzle orifice size, 
which also indicated that the droplets of small size were more 
likely to drift.  In addition, the study also found that the 
percentage of droplet deposition (Figure 3b) and drift percentage 
(Figure 3c) on the left area of the flight route of test 1# and test 3# 
were significantly higher than those on the right area of the flight 
route, but the test 2# reflected a certain random volatility.  This 
was consistent with the previously results of CMD, which was also 
caused by the influence of natural wind and aircraft trajectory.  At 
the same time, the above-mentioned results of droplet deposition 
accumulation analysis can be further explained. 
3.4  Distribution of spatial droplet drift 

In this test, areas of –40 to –22 m and 22 to 40 m were the 
sampling areas for the spatial drift distribution of droplets.  For 
single-pass application, the droplets deposited in this area were 

invalid.  If the deposition volume was too large in this area, it was 
easy to form phytotoxicity, and lead to low effective utilization of 
pesticides, then affected the actual efficacy.  Figure 4 presented 
the deposition distribution characteristics of the spatial sampling 
points arranged in the non-target areas on both sides of the 
sampling line.  It can be seen from Figure 4 that the average 
droplet drift of each layer by test 1# was between 0.050-     
0.283 μL/cm2.  And the droplet drifts of 1#-1 and 1#-2 measured 
in the upper, middle and lower layers of the –40 to –22 m area were 
significantly higher than those measured at the corresponding 
position in the 22 to 40 m area.  However, the difference of 
droplet drift between the above two areas of 1#-3 was small.  The 
average droplet drift of each layer by test 2# was between 0.026-     
0.264 μL/cm2.  And the droplet drifts of 2#-1 measured in the 
upper, middle and lower layers of the –40 to –22 m area were 
significantly higher than those measured at the corresponding 
position in the 22 to 40 m area, and the droplet drift of 2#-2 and 
2#-3 in the two regions showed opposite trends.  The average 
droplet drift of each layer by test 3# was between 0.007-     
0.538 μL/cm2.  In addition, the droplet drift measured in the upper, 
middle and lower layers of all the sampling lines of test 3# in the 
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–40 to –22 m area were significantly higher than those measured in 
the corresponding position in the 22 to 40m area.  At the same 

time, the volume of droplet drift in the middle layer was generally 
higher than other layers. 

 
a. Test 1# 

 
b. Test 2# 

 
c. Test 3# 

Figure 4  Mean value of each layer droplet deposition in the spatial sampling area on both sides 
 

Figure 5 showed the overall spatial variation trend and 
distribution percentage of the droplet drift volume of each test.  
As shown in Figure 5a, from the sampling position of upper-layer 
to the lower-layer, the drift volume of test 1# showed a trend of 
decreasing and then increasing; the drift volume of test 2# 
showed a gradual increase trend; the drift volume of test 3# 
showed a trend of increasing and then decreasing.  At the same 
time, the average drift of the upper layer by test 1# was the 
highest (0.132 μL/cm2), which indicated that the droplets with 
smaller droplet size were more likely to gather in the space above 
the non-target area.  The average drift of the test 3# in the 
middle layer was 0.231 μL/cm2, which was the highest value of 
all the spatial sampling positions of each test, and it was also in 
line with the above-mentioned research results of the middle layer 
droplet drift of test 3#.  As shown in Figure 5b, the drift 
proportions of the sampling positions in each layer of test 1# were 
relatively evenly distributed, with a range of only 6.52%; test 2# 

had the highest drift at lower layer of the sampling position 
(40.86%); test 3# had the highest drift at middle layer of the 
sampling position (44.7%).  It can also be concluded that the 
droplets sprayed by CP04 nozzles were easy to gather and drift in 
the middle layer of the non-target area due to their large droplet 
size.  Most of the droplets from CP03 nozzles was settled down 
at the lower layer of the non-target area, and the droplets sprayed 
by CP02 nozzles were more evenly distributed in the space of 
non-target area due to their smaller droplet size. 

4  Conclusions 

In this paper, the character of droplet deposition and drift by 
Bell206L4 helicopter with single-pass application had been 
systematically studied.  The aim was to determine the effective 
swath width and deposition distribution of the helicopter when 
using different nozzles, as well as the spatial drift of the droplets in 
the non-target area.  The conclusions were as follows: 
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a. Spatial variation trend of droplet drift                      

 

 
b. Percentage of droplet drift spatial distribution 

Figure 5  Spatial variation trend and distribution percentage of the 
droplet drift volume for each test 

 

1) Under the conditions of helicopter flight operations with an 
average flight altitude of 11 m and an average flight speed of    
17 m/s, the average effective swath width of test 1 # (CP02) was 
25.3 m; the average effective swath width of test 2 # (CP03) was 
29.7 m; the average effective swath width of test 3 # (CP04) was 
29.3 m. 

2) The average deposition in the effective swath area of each 
sampling line was 1.208-2.735 μL/cm2.  The average depositions 
in the effective swath area of the three tests were 1.370 μL/cm2 (test 
1#), 1.507 μL/cm2 (test 2#) and 2.523 μL/cm2 (test 3#), respectively, 
and the increasing trend was also consistent with the test setting 
sequence of the nozzle orifice sizes from small to large. 

3) Most of the droplets in each spray operation were 
concentrated near the route and the adjacent locations of the 
effective swath area, and the actual proportion of the droplet 
deposition in this area had reached 53% of the total droplet 
deposition or even higher.  In addition, affected by natural  
wind, the CMD of each sampling line was not at 0 m on the route, 
and would deviate to a certain extent to the downward wind 
direction. 

4) For spray droplets with different droplet sizes, the droplets 
of small size were more likely to drift, and the increase of orifice 
size by nozzle can help reduce drift.  The study also found that the 
percentage of droplet deposition in the effective swath area 
increased with the nozzle orifice size, especially the percentage of 
droplet deposition in the effective swath area by test 3# had 
reached more than 82%.  

5) Small-sized droplets usually gathered in the upper space of 
the non-target area, larger-sized droplets were easy to gather in the 
middle space of the non-target area, the medium-sized droplets 
were trend to gather in the lower space of the non-target area. 
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