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Abstract: Spraying is the most widely used means of pesticide application for pest control in
agriculture and forestry. The atomization characteristics of the nozzles are directly related to the
spray drift, rebound, and deposition. Previous research studies have mainly focused on the change
pattern of atomization characteristics. Mathematical descriptions of the atomization characteristics
of flat fan nozzles are rare, and pesticide application theories are also insufficient. Atomization
characteristics mainly include droplet size and velocity. This study analyzes the influence of the
spray parameters (spray angle, pressure, and equivalent orifice diameter of nozzles) and the spatial
position in the flow field. To obtain the atomization characteristics of flat fan nozzles, the phase
Doppler particle analyzer (PDPA) was selected for the accurate measurement of the droplet sizes and
velocities at distances 0.30-0.60 m, using low spray pressures (0.15-0.35 MPa). The droplet size and
velocity models were then established and validated. The results revealed that the average absolute
error of the droplet size model was 23.74 um and the average relative error was 8.23%. The average
absolute and relative errors of the droplet velocity model were 0.37 m/s and 7.86%, respectively. At a
constant spray pressure and angle, there was a positive correlation between the droplet size and the
equivalent orifice diameter of the nozzles. The test also verified that the spray angle and distance
had a negative correlation with the droplet velocity at a given pressure. The spray distance had no
effect on the spray axial droplet size at constant spray pressure. In addition, the spray angle greatly
affected the droplet velocity along the X-axis; similarly, the spray parameters, especially spray angle,
greatly affected the droplet size.

Keywords: droplet velocity; droplet size; spray axis; long axis; PDPA; spray cross-section

1. Introduction

In pesticide application using sprayers, the atomization characteristics of the nozzles
play an important role in pesticide utilization [1-3]. While small-sized droplets have good
deposition and coverage, they easily drift [4]. Droplet velocities also influence pesticide
utilization; for example, droplets with very low velocities fail to reach the targets and those
with very high velocities are prone to rebounding [5-7]. Therefore, understanding and
mastering the atomization characteristics are important for using pesticide sprayers in
agriculture and forestry.

Since the 1930s, researchers have studied the atomization characteristics of different
nozzle outlet shapes (circular, square, rectangular, triangular, and elliptical) from two-
dimensional spray to three-dimensional spray. Based on a study of the breaking mechanism
of liquid films, Dombrowsi and coworkers established the relationship between spray
pressure and droplet size; they observed that the higher the pressure, the smaller the
droplet, [8,9]. Sforza found that the droplet velocity along the spray direction decreased as
a power function law and that the atomization characteristics between spray cross-sections
along the spray direction were similar [10]. By measuring the droplet velocity and size at
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0.50 m from the nozzle exit, Nuyttens found that the nozzle type and size had a significant
effect on droplet velocity and size. Droplet velocities consistently decreased with the
decrease in droplet size when the droplets were below a size of 400 um [11,12]. Yao studied
the droplet size distribution of nozzles with different equivalent orifice diameters using a
PDPA and observed that the Sauter mean diameter (SMD) was nonlinearly, but positively,
correlated with the nozzle orifice diameter [13]. Xia performed water-air impinging jet tests
and the impinging angle was 90° [14]. The atomization characteristics in the far and near
fields were then analyzed. The results showed that SMD was smallest in the spray center
and increased toward the spray edge. Xia also showed that the droplet velocity was the
highest at the spray center and decreased gradually with increasing distance from the spray
center. Kooij confirmed the parameters that determined the droplet size during the breaking
of liquid films [15]. The results showed that fluid inertia and surface tension determined
the droplet size, and the droplet size could be predicted using the Weber and nozzle
parameters. Based on assumption that the flow field is two-dimensional, Kang established
a droplet size model using an actual test and theoretical calculation and a droplet velocity
model along the spray axis using numerical simulation and theoretical calculation [16].
Kang also indicated that the droplet size did not change significantly at distances of 0.30—
0.50 m. Although several studies have been done on atomization characteristics, simple
mathematical models are still very rare in far-field field at low pressures.

Because of their large spray range, flat fan nozzles are widely used in pesticide appli-
cation in agriculture and forestry, especially in field spray and forest barrier treatment [17].
The flow field of flat fan nozzles is fan-shape and the spray cross-section is the elliptic [18].
The long axis determines the spray range during pesticide spraying, and based on the
droplet characteristics along the long axis, the droplet characteristics along the short axis
can be analyzed. Thus, the droplet characteristics along the spray axis and the long axis in
the flow field are of profound significance in the study on the atomization characteristics of
the whole field.

This study was conducted to establish the exact droplet size and velocity models on the
long axis plane of flat fan nozzles based on the spray pressure, angle, and equivalent orifice
diameter. According to the atomization model on the long axis plane, it is easy for workers
to obtain the desired atomization effect by adjusting the spray pressure and the nozzle type,
thereby improving the utilization rate of pesticides. Additionally, this research compensates
for the shortcomings of the atomization theory in pesticide application, provides a method
for further establishing a perfected atomization model of flat fan nozzles, and serves as
a resource for subsequent research on droplet rebounding and deposition while hitting a
given target. This study also provides a theoretical method for establishing atomization
models of other nozzles, including conical, square, and rectangular nozzles.

2. Materials and Methods
2.1. Selection of Flat Fan Nozzle Types

Currently, the mainstream brands of flat fan nozzles available on the market include
Teejet (Wheaton, IL, USA), Lechler (Metzingen, Germany), and Feizhuo (Shanghai, China),
which are widely used in surface treatment, food industry, environmental protection, and
pesticide spraying in agriculture and forestry. The internal structure of the 75 nozzles
(Table 1) corresponding to the three brands were mapped using the Coordinate Measuring
Machine (Leader NC8107, Wuxi Meider Measurement Technology Co., Jiangsu, China).
The internal structure of the outlet of the nozzles of the three brands was cylindrical and
ellipsoidal (Figure 1). Compared with the other two brands, the Teejet nozzle is more
widely used in agriculture and forestry, and the commonly used angles are relatively large.
Therefore, the 25 types of Teejet flat fan nozzles in Table 1 were selected for pesticide
application in this study.
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Table 1. Nozzle types of the three brands for mapping. The flow rate increases in the order of AT to ET, AF to EF, and
AL to EL. At a pressure of 0.30 MPa, AT-ET are 0.79, 1.18, 1.58, 1.97, and 2.37 L/min, AF-EF are 0.79, 1.20,1.60, 1.90, and
2.40 L/min, and AL-EL are 0.77, 1.23, 1.53, 1.96, and 2.33 L /min.

Manufacturer Flow Rate Class d
25 40 65 80 110
AT 0.80 2502 4002 6502 8002 11002
BT 1.00 2503 4003 6506 8003 11003
Teejet CT 1.20 2504 4004 6504 8004 11004
DT 1.40 2505 4005 6505 8005 11005
ET 1.50 2506 4006 6506 8006 11006
Manufacturer Flow Rate Class d &
25 40 65 80 110
AF 0.91 2502 4002 6502 8002 11002
BF 1.10 2503 4003 6506 8003 11003
Feizhuo CF 1.30 2504 4004 6504 8004 11004
DF 1.40 2505 4005 6505 8005 11005
EF 1.60 2506 4006 6506 8006 11006
Manufacturer Flow Rate Class d x
30 45 60 90 120
AL 1.00 632.362 632.363 632.364 632.366 632.367
BL 1.20 632.402 632.403 632.404 632.406 632.407
Lechler CL 1.35 632.442 632.443 632.444 632.446 632.447
DL 1.50 632.482 632.483 632.484 632.486 632.487
EL 1.65 632.512 632.513 632.514 632.516 632.517
10 mm
—_
—— Ellipsoid
——— Cylinder

]
g7 {

Teejet 6504 Lechler 632.443 Feizhuo 6504

Figure 1. Sections showing the internal structure of the Teejet, Lechler, and Feizhuo nozzles.

2.2. Basic Theory

The findings of this study would mainly serve pesticide application using sprayers in
agriculture and forestry. Since the droplet size distribution function is very complicated,
the average droplet size has been used as one of the spray characteristics [19]. In this study,
we used the volume mean diameter (D,) as the average droplet size, which is the most
commonly used average diameter in the analysis of the spray characteristics in pesticide
spraying [20]. Dy is calculated as follows:

1
Drmax 3 3
D>dN
D, = (Jom DN E}%;ax ) (1)

D min
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The droplet velocity is expressed in terms of the average velocity as follows:

_ Jupe uaN
BT @)
S dN

Based on the nozzle size and spray pressure, a function model of droplet size was
obtained by Post [21] as follows:

1
FR?P% x 3

Dv“(a) B (W>

®)
Under a stable field, since the probabilities of breakage and fusion of droplets are
greatly reduced, the influence of spray distance on atomization characteristics can be
neglected. In addition, the change rule of droplet size along the Z-axis was similar to that

in the flow field:
D, = Cpd? P~ 341 4)

Sforza proposed that the droplet velocity along the Z-axis decreases as an exponential
function and was related to the ratio of the spray distance and minor axis of the elliptical
opening [10]. The observation can be mathematically expressed as

Uz
o xz ®)
U, z

" o<f(g) (6)

The effective hydraulic area (Aj,,4) and b satisfied the following function:

2Ahyd
3

b= ()

where Ay,; = CpA in which A = rd? /4.

The pressure and velocity of the nozzle outlet and inlet satisfy the Bernoulli equation,
and the velocity changes caused by gravity and the nozzle inlet velocity are negligible [22].
The droplet velocity along the spray distance is given as follows:

Uy & pazmgn (8)

The relationship between the maximum droplet size and velocity satisfies a power
function under a stable field. From Equation (4), the function of droplet velocity along the
Z-axis based on the spray angle could be obtained as follows:

U, = CMP%zmd"al )

To better understand the atomization characteristics along the X-axis, the dimension-
less quantities Dy /D, and uy/u, were introduced. Previous research studies have indicated
that the droplet size along the X-axis satisfies a quadratic function and the droplet velocity
a Gaussian distribution:

D
=X = Apx® + Byx +Cy (10)
D,
_ (x=x)?
& — axe 271))(2 (11)
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2.3. Experimental Design
2.3.1. Test System Composition

All experiments were conducted at the Mining Science Center, China University of
Mining and Technology, Xuzhou, China. The data acquisition system is shown in Figure 2.
The system mainly comprised the PDPA system (TSI, Inc., Shoreview, MI, USA) and a
1WZB-25Z PRODN pressure pump (Intelligent Electronic Technology Co., Zhejiang, China)
for providing stable pressure. A 3DOF mobile platform was used to control the PDPA
position precisely. Additionally, the system included flow meters, pressure gauges, and
nozzle holders.

(©) (d)

Figure 2. Test system: (a) laser and multicolor beam separator; (b) the transmitting probe and receiver
along with 3DOF mobile platform; (c) signal processor; and (d) computer with the FLOWSIZETM
software installed.

2.3.2. Test Methods

This study is an investigation of the basic model. Tests were conducted indoors with
no wind at a stable temperature and humidity so that the amount of droplet evaporation
could be ignored. To minimize the influence of gravity, the nozzles were arranged in
a downward direction (Figure 3). To clearly describe the characteristics, a rectangular
coordinate system in space was established with the nozzle exit center as the coordinate
origin. The X, Y, and Z axes represent the long and short axes of the spray cross-section
and the spray axis, respectively. Seven horizontal spray cross-sections were selected along
the Z-axis ranging from 0.30 to 0.60 m with an interval of 0.05 m. Different intervals along
the X-axis were chosen for data acquisition on horizontal planes based on the spray angles
of the flat fan nozzles. An interval of 0.01 m was chosen for flat fan nozzles with spray
angles 25° and 40° and 0.02 m for the ones with spray angles 65°, 80°, and 110°. The preset
pressure values were 0.15, 0.20, 0.25, 0.30, and 0.35 MPa. Three replicates were conducted at
each measurement point, and at least 5000 droplets were measured per replicate to ensure
the data accuracy of the measurement. The average of the three replicates was used as the
droplet size and velocity at the measurement position.
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Flat fan nozzle ———

\ 4
>4

Atomization field
Spray axis

0.30m
0.35m
0.40m
0.45m
0.50 m
0.55m
0.60m

Spray cross-section

0.01o0r0.02m

Short axis of spray cross-section Long axis of spray cross-section

Z

Figure 3. Field of flat fan nozzles. The small red circles represent the measurement point.

3. Results and Discussion

For uniform coverage, adjacent fields are made to overlap by 50-100% when pesticides
are being sprayed. To understand the flow field of flat fan nozzles, three nozzles were
selected for measurement at different spray pressures and distances. The atomization
characteristics for different across-sections of the five nozzles with the same flow rate at
pressure 0.25 MPa and 0.50 m away from the nozzle outlet are shown in Figure 4, which
validates previous research [23-25]. The results indicated that the change trend of the
droplet size and velocity was the same for the three nozzles. The droplet size was observed
to be smaller at the center and larger at the edge. The droplet velocity was found to
be the highest at the center of the flow field and decreased gradually toward the edge.
These cases also showed that the changes in the droplet size and velocity on the spray
cross-section were continuous and symmetrical in the spray center. The characteristics of
the droplets along the long axis could be linked to those at the center of the cross-section.
In the following, the part of the flow field with x > 0 will be analyzed.

In this section, the establishment of the droplet size and velocity models on the XZ
plane are mainly discussed and the same method was used to establish the droplet size
and velocity on the XZ plane. Firstly, by fitting part of the experimental data with the
single variable method, the coefficients in Equations (4), (9)-(11) were determined. Then,
the exact droplet characteristic models on the XZ plane were obtained. Finally, the models
were validated by other experimental data.

3.1. Establishment of the Droplet Size Model
3.1.1. Droplet Size Model on Z-Axis

In the flow field, the droplet size is related to the spray pressure, spray angle, equiva-
lent orifice diameter, and spatial position. The distributions between the droplet size along
the Z-axis and different spray parameters are shown in Figures 5-8.

As can be seen in Figure 5, there were no noticeable changes in the droplet size and
spray distance among the nine nozzles that were selected. This occurred because the
droplets were not easily blended and they ran along the original motion trajectory after the
liquid film broke twice and formed stable droplets. Additionally, the evaporation of the
droplets could basically be ignored through the measurement range. Therefore, the droplet
size hardly changed along the Z-axis, and the droplet size was independent of the spray
distance. For this reason, in the process of establishing the droplet size model along the
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Z-axis, we took the average droplet size at the seven spray distances under certain spray
parameters as the droplet size.

Droplet size (sm) Droplet velocity (m/s)

324.40 6.62
315.58 5.93
306.75 524
£ 29793 E 454
K 28910 % 3.85
g B
2 28028 £ 3.16
- 271.45 - 246
262.63 177
253.80 1.08
0.00 10 0.00 X 0.10
Long axis (m) Long axis (m)
Droplet size (m) Droplet velocity (m/s)
345.00 0.08 554
32019 (@) 504
31338
E 29756 E R e ——— i
= =
2 265.94 2 e 3.04
& &
K 25013 o, 254
23431 204
2850 154
0.00 12 0.2 20.06 0.00 0.06 0.12
Long axis (m) Long axis (m)
Droplet size (m) Droplet velocity (m/s)
0.08 359.50 0.08 430
338.44 ® 391
y \ 31738 0.04 3.52
E 2631 E > 314
% 27525 000 275
T =
2 25419 2 236
& &
0. N / 23313 004 197
212.06 1.59
Y 19100 _o0g 120
0. . 0.00 . 0.20 -0.20 0.00 0.20
Long axis (m) Long axis (m)
Droplet size (pm) Droplet velocity (m/s)

Short axis (m)

264.75 281
0.00} 242
24325 / 204
23250 -0.04 -
2175
21100 08
0.00 . 0.26 -0.26 0. 0.00 . 0.26
Long axis (m) Long axis (m)

Short axis (m)

1.65
127
0.88

0.08 396
28625 (h) 358
2550 004 319
254,00

Droplet size (jm)

33150
314.19
296.88
279.56
26225
244.94
227.63
21031
193.00

0.00 . 0.44

Droplet velocity (m/s)

330
298
2.67
2.35
2.04

Short axis (m)
Short axis (m)

0.00 . 0.44
Long axis (m) Long axis (m)

Figure 4. Cloud chart of droplet size and velocity for five flat fan nozzles at 0.25 MPa and 0.50 m away from the nozzle
outlet: (a,b) 2504; (c,d) 4004; (e,f) 6504; (g,h) 8004; and (i,j) 11004.

—=—2504 0.25 MPa —=#— 8002 0.25 MPa
280 - —e 4004 0.25 MPa 280 - —e—8003 0.25 MPa
—4A— 6504 0.25 MPa —A— 8004 0.25 MPa
—v— 8004 0.25 MPa —v— 8005 0.25 MPa
—4— 11004 0.25 MPa —4— 8006 0.25 MPa
P ./’\0\,\'/,/. EPT
S = ¢ ¢ —o . e,
[ [
N =
= =
S IR — - S L
I R B e
0 L ) ) ) ) ) ) 16 ) ) ) ) ) ) )
030 035 040 045 050 055 0.60 030 035 040 045 050 0.55 0.60
Spray distance (m) Spray distance (m)

(a) (b)
Figure 5. Graph of droplet size vs. spray distance: (a) different spray angles; and (b) different flow rates.
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= 2504 R*=0.92 = 8002 R*=0.95
3200 - o 4004 R2=0.94 320 o 8003 R=0.92
A 6504 R*=0.84 A 8004 R*=0.93
v 8004 R*=0.93 v 8005 R*=10.95
gzso r .\\ o 104R-091  EO[ S * 8006 R>=0.96
2 AL . 2 N
g N, e g \
Sz Z L ~ % 240 |
3 ‘ A \ 3
=3 - ~ o
= \:\\ &
2200 \% 200
160 L : : : : 160
0.15 0.20 0.25 0.30 0.35 0.15 0.20 0.25 0.30 0.35
Spray pressure (MPa) Spray pressure (MPa)
(a)

Figure 6. Fitting curves and values of droplet size vs. spray pressure: (a) different spray angles; and (b) different flow rates.

320.00

= (.15 MPa R*=0.94
® (.20 MPa R*=0.97
A 0.25MPa R>=0.98
280.00 | v 0.30 MPa R*=0.95 -
_ ' ¢ 0.35MPa R*>=0.98
g
Q
‘7 240.00 |
k5
2,
e
[a)
200.00
*
160'00 1 1 1 1 1
0.80 1.00 1.20 1.40 1.50
(6502) (6503) (6504) (6505) (6506)

Equivalent orifice diameter (mm)

Figure 7. Fitting curves and values of droplet size vs. equivalent orifice diameter.

= 040.15MPa R*=0.95
320.00 - ® 04 0.20 MPa R*=0.92
= A 040.25MPaR*>=0.98
v 04030 MPa R*>=0.94
¢ 040.35MPa R*=0.92
280.00
E
&
]
% 240.00
|53
=
2
o)
200.00
160.00 L L L L L
25 40 65 80 110
Spray angle (°)

Figure 8. Fitting curves and values of droplet size vs. spray angle.

As can be seen in Figure 6, the droplet size along the Z-axis gradually decreased with
the increase in the spray pressure. According to the Bernoulli equation, the droplet velocity
at the nozzle outlet increases with the increase in the spray pressure, causing the liquid
film to break to produce smaller droplets. The fitting function between the droplet size
along the Z-axis and the spray pressure is represented as follows:

D, « P~3

(12)
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DD,

DD,

1.50

1.40

1.30

1.20

1.10

1.00
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1.40

'1.30

1.20

1.10

1.00

4 pon

As can be seen in Figure 7, the droplet size along the Z-axis was positively correlated
with the equivalent orifice diameter for nozzles 6502, 6503, 6504, 6505, and 6506 at five
different pressure values. The fitting function between the droplet size along the Z-axis
and the equivalent orifice diameter is represented as follows:

D, «d} (13)

The relationship between the spray angle and the droplet size at different pressure
values with the same equivalent orifice diameter is shown in Figure 8. The droplet size
along the Z-axis decreased with the increase in the spray angle. At constant spray pressure
and flow rate, the increase in the spray angle was observed to lead to a decrease in the
thickness of the liquid film after liquid ejection, with the thickness of the film was positively
correlated with the size of the droplet formed after breaking. Therefore, the larger the spray
angle, the smaller the droplet size. The fitting function between the spray angle and the
droplet size along the Z-axis is represented as follows:

D, a5 (14)

The droplet size model along the Z-axis (Equation (15)) was obtained from Equations
(12)—(14). The value of coefficient C;, was 300, which was obtained by measuring the droplet
size of nozzle 6504 at 0.15 MPa.

D, = Cpa 5P~ 3d5 (15)

3.1.2. Droplet Size Model on the X-Axis

The dimensionless quantity Dy/D, along the X-axis is shown in Figure 9. Since
the droplet size along the X-axis is centrosymmetric, By = 0 and C,; = 1. This section
further explores the relationship between A, and the spray parameters based on the
experimental data.

6504 0.15 MPa z=0.60 m
6504 0.20 MPa z=0.60 m
6504 0.25 MPa z=0.60 m
6504 0.30 MPa z=0.60 m
6504 0.35 MPa z=0.60 m

1.60

1.40

2504 0.25 MPaz=0.50 m
4004 0.25 MPaz=0.50 m
6504 0.25 MPa z=0.50 m
8004 0.25 MPa z=0.50 m
11004 0.25 MPa z = 0,50 m

4pr>enm

' 1.30
8
Q
1.20
A 3 110
¢ -
hd 1.00
L L L L L L L L L L )
0.00 0.05 0.10 0.15 0.20 0.00 0.10 0.20 0.30 0.40 0.50
Long axis distance (m) Long axis distance (m)
(a) (b)
= 65020.25MPaz=040m = 6504 0.25MPaz=030m
® 6503025 MPaz=040m ® 6504 025MPaz=035m
4 6504025 MPaz=0.40m 4 65040.25MPaz=0.40 m
v 6505025 MPaz=040m 15 v 6504 025MPaz=045m /
6506 0.25 MPa z=0.40 m 6504 0.25MPa z = 0.50 m /A
" 6504 0.25MPa z = 0.55 m VA /il
> 6504 0.25MPa z=0.60 m /Z ' &
'/ >
1.3 g
N
Q

0.05 0.10
Long axis distance (m)

(©

0.05 0.10

Long axis distance (m)

(d)

0.15 0.20

Figure 9. Fitting curves of Dy /D, along the X-axis with different parameters: (a) spray pressure; (b) spray angle; (c) equiva-

lent orifice diameter; (d) spray distance.
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As can be seen from Figure 9, the spray pressures, spray angles, equivalent orifice
diameters, and spray distances were correlated with D, /D,, and the size of the droplets
at the center was smaller than the size of the droplets at the edge along the X-axis under
different spray parameters. It can be seen from Figure 9a that the spray pressure had no
effect on the change trend of the droplet size along the X-axis. Figure 9b—d indicates that the
dimensionless quantity decreased greatly with the decrease in the spray angle, equivalent
orifice diameter, and spray distance. Without considering the influence of evaporation and
drift, the larger the difference in the droplet velocities at the center and the edge of the flow
field, the more small droplets were entrained in the center, which led to the faster change
of droplet size along the X-axis. Therefore, the change in the droplet size along the X-axis
was more uniform with the increase in the spray angle, equivalent orifice diameter, and
spray distance.

The data were fitted using Equation (10), and the A, values are shown in Table 2 for
different spray parameters. From Table 2, it can be observed that the A, values for spray
angle 65° fluctuated between 8.08 and 16.79, with an average of 12.20. Further, the values
varied greatly based on the spray angle. Therefore, the A, values determined using spray
angles are listed in Table 3 to facilitate validation.

Table 2. Ay and the fitting degrees for different spray parameters.

6504 z = 0.60 m

P Ay R?
0.15 9.64 0.99
0.20 8.67 0.98
0.25 9.18 0.85
0.30 8.08 091
0.35 9.16 0.89

P =0.25 MPa z = 0.50 m

« A, R?
2504 31.22 0.95
4004 29.34 0.99
6504 11.68 0.98
8004 5.15 0.96

11004 2.39 0.97
P=0.25MPaz=0.40m

d Ay R?
6502 16.13 0.98
6503 15.55 0.96
6504 13.94 0.98
6505 11.51 0.97
6506 9.47 0.93

6504 P = 0.25 MPa

z A, R?
0.30 16.79 0.98
0.35 16.46 0.95
0.40 15.32 0.98
0.45 13.63 0.99
0.50 11.69 0.99
0.55 11.29 0.96

0.60 10.91 0.92
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Table 3. Ay values based on the spray angle.
o 25 40 65 80 110
Ay 31.00 29.00 12.00 5.00 2.00

3.2. Establishment of the Velocity Model
3.2.1. Droplet Velocity Model on the Z-Axis

This section analyzes the droplet velocity along the Z-axis with respect to spray
pressure, spray distance, spray angle, and equivalent orifice diameter using Equation (9).

Figure 10 shows the droplet velocities along the Z-axis at different spray distances
from the selected five nozzles. For all five flat fan nozzles, the droplet velocity was observed
to gradually decrease with the increase in the spray distance; this was because after the
breakage of the liquid film and formation of the stable droplets, the kinetic energy of each
droplet decreased due to the air resistance, and thus the droplet’s velocity also decreased.
In addition, the velocity reduction rate was also observed to decrease gradually with the
increase in the spray distance. The reason for the phenomenon was that the air resistance
of the droplet was inversely proportional to the square of its velocity. The lower the droplet
velocity, the smaller the air resistance. The mathematical function of the best fit curve
between the droplet velocity along the Z-axis and the spray distance was obtained using
the following equation:

Uy &z (16)

® 2504025 MPa R?=0.99
9.00 - e 4004 0.30 MPa R?=0.97
’ A 6502 0.25 MPa R>=0.99
- v 8005 0.30 MPa R*=0.99
8.00 - 11006 0.30 MPa R?=0.98
7.00 F
=
g
Z.600F
3
k)
S 5.00 |
4.00 -
3.00 F
1 1 1 1 1 1 1

030 035 040 045 050 055 0.60
Spray distance (m)

Figure 10. Fitting curves of droplet velocity vs. spray distance.

As can be seen from Figure 11, the droplet velocity along the Z-axis decreased with the
increase in the spray angle at a pressure of 0.25 MPa, and the reduction rate was decreased.
The spray coverage increased with the increase in the spray angle, subjecting the droplets
to greater air resistance, so the droplet velocity in the flow field of nozzles with a large
spray angle was less than that in the flow field of nozzles with a small spray angle given
the same spray distance. The central entrainment decreased with the increase in the spray
angle, which caused fewer droplets with small velocity to move from the edge into the
central region. Therefore, the reduction in droplet velocity decreased with the increase
in the spray angle. The fitting function between the spray angle and droplet velocity is
represented as follows:

U, x of% (17)
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= 040.25MPaz=030m R>=0.97
9.00 - e 040.25MPaz=035m R>=0.99
' A 040.25MPaz=040m R>=0.99
200 - v 040.25MPaz=045m R>=0.99
’ ¢ 040.25MPaz=0.50m R*=0.98
700 L 040.25 MPaz=0.55m R*=0.97
o 04 0.25 MPaz=0.60 m R’>=0.97
£6.00F
=
3
2500 F
o
>
4.00 -
3.00 |
»
200 1 1 1 1 1
25 40 65 80 110
Spray angle (°)

Figure 11. Fitting curves of droplet velocity vs. spray angle.

As can be seen in Figure 12, the droplet velocity along the Z-axis increased with
the increase in the equivalent orifice diameter at a constant spray angle of 65°. The fit-
ting function between the equivalent orifice diameter and droplet velocity is represented

as follows: ,
Uy < ds (18)
= 65°0.25MPa z=0.30m R’>=0.89
® 65°0.25MPa z=0.35m R>=0.93
700 A 65°0.25MPa z=040m R>=0.94
v 65°0.25MPa z=0.45m R’=0.94
¢ 65°0.25MPa z=0.50 m R?=0.92

6.00 65° 0.25 MPa z=0.55m R>=0.92
65°0.25 MPa z=0.60 m R’>=

Velocity (m/s)
W
=)
S
T

4.00

3.00 -

0.80 1.00 1.20 1.40 1.50

Equivalent orifice diameter (mm)

Figure 12. Fitting curves of droplet velocity vs. equivalent orifice diameter.

The droplet velocity model along the Z-axis (Equation (19)) was obtained from
Equations (16)—(18). The value of coefficient C;, was 40, which was obtained by measuring
the droplet velocity of nozzle 6504 at 0.15 MPa.

U, = CuP%z*%d%a*% (19)

3.2.2. Droplet Velocity Model on the X-Axis

The dimensionless quantity u,/u, along the X-axis is shown in Figure 13. Since
the droplet velocity along the X-axis is centrosymmetric, xx = 0 and a, = 1. This section
further explores the relationship between wy and the spray parameters based on the
experimental data.



Agriculture 2021, 11, 309

13 0f 17

1.00
0.96
Tom
0.88

0.84

1.00
0.96
Tom
0.8

0.84

Figure 13.

[ 1o

6504 0.15 MPa z=0.60 m
6504 0.20 MPa z = 0.60 m

2504 0.25 MPaz=0.50 m
4004 0.25 MPaz=0.50 m

4 > o
4 > o

6504 0.25 MPa z=0.60 m 1.00
6504 0.30 MPa z=0.60 m
6504 0.35 MPa z=0.60 m

6504 0.25 MPaz=0.50 m
8004 0.25 MPaz=0.50 m
11004 0.25 MPa z=0.50 m

r 0841
0.80 -
0.76 -
r 072 F
L L L L Y 0.68 T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.00 0.10 0.20 0.30 0.40 0.50
Long axis distance (m) Long axis distance (m)
(@ (b)

= 6502 0.25 MPaz=0.40 m = 6504 0.25MPaz=0.30 m

® 6503 0.25 MPaz=0.40 m ® 6504 0.25MPaz=0.35m

[ o A 6504 0.25MPaz=0.40m 100k A 6504 0.25MPaz=0.40 m

h v 65050.25 MPaz=0.40m : v 6504 0.25MPaz=0.45m

6506 0.25 MPa z=0.40 m 6504 0.25MPaz=0.50 m

6504 0.25MPaz=0.55m

r 0.96 - 6504 0.25MPa z=0.60 m
H oot

By

0.88 -

0.84 -

L
0.00

L L L L L L 4
0.05 0.10 0.00 0.05 0.10 0.15 0.20

0.15
Long axis distance (m) Long axis distance (m)
(© ()

Fitting curves of uy/u, along the X-axis at different spray parameters: (a) spray pressure; (b) spray angle;

(c) equivalent orifice diameter; and (d) spray distance.

As can be seen from Figure 13, the spray pressures, spray angles, equivalent orifice
diameters, and spray distances were correlated with 1y /u,, and the velocity of the droplets
at the center was higher than that of the droplets at the edge along the X-axis. The dimen-
sionless curve with respect to the different spray parameters showed that the decrease
in the droplet velocities along the X-axis was more severe with the decrease in the spray
pressure, spray angle, and equivalent orifice diameters. This is because the difference
in the velocities of the droplets at the center and the edge may lead to an entrainment
of the low-velocity droplets from the edge to the central area; since a higher number of
low-velocity droplets are entrained at the center when the difference is large, the reduction
rate of the velocity of the droplets along the X-axis increases with the decrease in the spray
pressure, angle, and equivalent orifice diameter. Because of environmental resistance, the
droplet velocities at the cross-section are expected to be gradually consistent with the
increase in the spray distance, which explains why the velocities along the X-axis decreased
slowly with the increase in the spray distance.

The wy values and fitting degrees for different spray parameters are shown in Table 4,
after fitting the data using Equation (11). From Table 4, it can be seen that the w, values for
nozzles with 65° fluctuated between 0.22 and 0.30, with an average of 0.27. However, the
wy values varied greatly based on the spray angle. The wy values determined using the
spray angle are shown in Table 5.

3.3. Validation of the Models

In this section, two groups of nozzles were used to validate the droplet size and
velocity models. One group with the same flow rate (CT) and different spray angles (25,
40, 65, 80, and 110) was verified at 0.20 MPa and 0.50 m away from the nozzle outlet, and
the other group with the same spray angle (80) and different flow rates (AT, BT, CT, DT,
and ET) was verified at 0.25 MPa and 0.50 m away from the nozzle outlet. A comparison
of the error values between the measured and theoretical data on the size and velocity
of the droplets along the X-axis is shown in Figures 14 and 15, respectively. The figures
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show that the error occurred mainly at a point away from the spray center and that the
error corresponding to nozzle 2502 was very large. The main reason for the increase in
the error is the small number of droplets and their unstable nature at the edges. The large
error of nozzle 2502 is due to the influence of the nozzle structure on the increase rate
of surface wave length in the transition part of the jet spray. The nozzle outlet with a
small spray angle has a small aspect ratio, which improves the increase rate of the surface
wave wavelength, causes a larger interval width in the transition part, and intensifies the
instability of nozzle atomization [26]. Additionally, machining accuracy may also be a
reason for the large error. The errors corresponding to the measured and theoretical data
were further analyzed, as shown in Table 6. The average absolute error for droplet size
was 23.74 um, and the average relative error was 8.23%. The average absolute and average
relative errors corresponding to the droplet velocity were 0.37 m/s and 7.86%, respectively.

Table 4. wy and the fitting degrees for different spray parameters.

6504 z = 0.60 m
P Wy R?
0.15 0.28 0.92
0.20 0.28 0.94
0.25 0.29 0.90
0.30 0.30 0.98
0.35 0.30 0.95
P =0.25 MPa z = 0.50 m
117 Wy R?
2504 0.08 0.88
4004 0.32 0.97
6504 0.28 0.91
8004 0.38 0.96
11004 0.74 0.92
P=0.25MPaz=0.40m
d Wy R?
6502 0.22 0.98
6503 0.24 0.99
6504 0.25 0.98
6505 0.26 0.99
6506 0.27 0.99
6504 P = 0.25 MPa

z Wy R?
0.30 0.26 0.97
0.35 0.25 0.99
0.40 0.26 0.98
0.45 0.28 0.96
0.50 0.28 0.91
0.55 0.29 0.86
0.60 0.30 0.90

Table 5. wy values based on the spray angle.

o4 25 40 65 80 110
Wy 0.08 0.32 0.28 0.38 0.74
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Figure 15. Absolute errors between the measured and theoretical data corresponding to the droplet velocity: (a) different

spray angles; and (b) different flow rates.

Table 6. Errors of measured and theoretical data.

Absolute Error Relative Error
D, 23.74 um 8.23%
Uy 0.37m/s 7.86%

4. Conclusions

Based on the theoretical derivation and actual tests, this study established the exact
droplet size and velocity models on the XZ plane. According to this model, it is easier for
workers to obtain the desired spray size and speed by adjusting the spray pressure and
nozzle type during pesticide spraying, so as to improve the spray effect. The results of the
validation revealed that the average absolute error and average relative error corresponding
to the droplet size model were 23.74 um and 8.23%, respectively, and the average absolute
error and average relative error corresponding to the droplet velocity model were 0.37 m/s
and 7.86%, respectively. Thus, the theoretical atomization model was suitable for the actual
test results. In addition, this study also illustrated that the droplet size was higher at the
center than at the edge in the flow field, and the maximum difference exceeded 50%. The
droplet velocity model showed the opposite change trend, and the maximum difference
exceeded 30%. The spray angle greatly influenced the atomization characteristics along the
X-axis. From the atomization characteristics, it was found that the increase in the spray
angle could increase the droplet uniformity under the condition of ensuring spray volume.
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This study provides a method to further explore atomization models on the short axis and
to establish complete three-dimensional atomization models.
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Nomenclature

ay the coefficients related to spray parameters
Apyg  effective hydraulic area (mm?)

B the minor axis of the elliptical orifice (mm)
Cp a coefficient

Co the constant related to the spray parameters
d equivalent orifice diameter (mm)

Dmax maximum droplet size (um)

Dy volume mean diameter (mm)

D, the droplet size along the Z-axis (um)

) a coefficient

n a coefficient

p a coefficient

q a coefficient

Uug the velocity at the nozzle orifice (m/s)

U the droplet velocity along the Z-axis (m/s)
Upin  minimum droplet velocity (m/s)

Wy the coefficients related to spray parameters
Xy the coefficients related to spray parameters
o spray angle (°)

A the true orifice area (mm?)

Ax a coefficient

Bx the coefficients related to spray parameters
Cu a constant related to the spray parameters
Cx the coefficients related to spray parameters
D the droplet size (um)

Dpin  minimum droplet size (um)
Dy the droplet size along the X-axis (um)

FR flow rate class of the nozzle

m the coefficient

N the number of droplets

P the spray pressure (MPa)

u average droplet velocity (m/s)

Uy the droplet velocity along the Z-axis (m/s)

Umax maximum droplet velocity (m/s)

u the droplet velocity (m/s)

x coordinate value along the X-axis (m)
z coordinate value along the Z-axis (m)
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