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Analysis of air curtain system flow field and droplet drift characteristics of

high clearance sprayer based on CFD

3
Yangyang Song
(Jinan Zhiboer Intelligent Technology Co., Ltd., Jinan 250100, China)

Abstract: High clearance sprayers are widely used in field operations because of their high ground clearance and good passing
performance, which can solve the problem of spraying high-stalk crops in the middle and late stages. In this paper, an air
curtain system was designed to address the phenomenon of droplet drift in the operation of high clearance sprayers. Based on
static pressure recovery theory, the design and optimization of the flow velocity at the outlet of the air curtain were carried out.
Using SolidWorks software for modeling, ICEM CFD software to divide meshes, and Fluent software to solve the problem, the
air duct model was simulated and drift characteristics of droplets were studied through continuous phase and discrete phase
coupling calculation. Using three-factor and three-level orthogonal test, the optimal solution of the model was obtained as
follows: a spray pressure of 0.4 MPa, a horizontal wind speed of 2 m/s, a fan frequency of 40 Hz, and a droplet drift rate of
9.38%. According to the degree of influence from large to small, the factors are arranged as follows: horizontal wind speed, fan
frequency, and spray pressure. An air curtain system test prototype and a droplet drift rate test platform was built, and flow rate
of the air duct outlet and the droplet drift rate were tested under multiple working conditions. Experimental results showed that:
when the horizontal wind speed was 2 m/s and 4 m/s, the droplet drift rates were the lowest when frequency was 25 Hz and 35
Hz, respectively, which were 13.65% and 23.88%, respectively. When the horizontal wind speed was 6 m/s and 8 m/s, the
droplet drift rates reached the lowest when frequency was 45 Hz, which were 27.02% and 29.78%, respectively. When the
horizontal wind speed was 2 m/s, 4 m/s, 6 m/s, and 8 m/s, the droplet drift rates of the optimal auxiliary airflow were reduced
by 17.33%, 34.51%, 50.62%, and 67.54%, respectively. Experiments show that the optimal auxiliary air velocity changes when
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the horizontal wind speed is different.
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1 Introduction

High clearance sprayers are widely used in field spraying due
to their high ground clearance and good passing performance.
During spraying, external factors such as natural wind may result in
uneven spraying and droplet drift. In recent years, many scholars
have studied the effects of spraying height, natural wind, and
droplet size on droplet drift. Ade et al.'! compared the air-assisted
boom sprayer with the traditional boom sprayer. The results showed
that the air-assisted spraying increased the droplet deposition on the
back leaves of the potato canopy by 18%, and the loss to the ground
was reduced by 37%. A multi-channel air-assisted sprayer
developed by Qiu et al.” improved the uniformity of droplet
coverage by 19.4% compared with the traditional air-assisted
sprayer, and the average deposition of droplets in the front, middle,
and back of the canopy increased by 32.9% and 50.3%. Salcedo et
al.” simulated the airflow of a fan and the behavior of spray
droplets through the CFD model. The simulation results showed
that 44% of the total spray amount reached the target trees, and 28%
reached adjacent trees, 20% was deposited on the ground, and 8%
was lost to atmospheric drift. Baetens et al.! used CFD technology
to study the influence of sprayer boom height, natural wind speed,
wind direction, and wind curtain wind speed on droplet drift and
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deposition. The test proved that the model can accurately predict the
droplet drift within 5 meters. Khot et al.”! sprayed citrus trees with
different combinations of nozzles and air velocities, and the results
showed that 70% air assistance was more effective than 100% air
assistance, which blew the spray to the canopy and reduced droplet
deposition efficiency. Li et al.! proposed two methods for UAV to
reduce droplet drift based on CFD and carried out specific
simulations to verify their feasibility. Sidahmed et al.”’ designed
two symmetrical multi-foil shields, which could effectively reduce
the spray drift in the windward and downwind travel directions. Li
et al.¥ determined the effects of PWM duty cycle and frequency on
spray drift characteristics through wind tunnel experiments. Cooke
et al.”? compared the effects of air-assisted spraying and hydraulic
nozzle spraying on droplet drift. The results showed that air-assisted
spraying had better penetration to crops than hydraulic spraying.
The deposition rate on the backside, the airflow velocity, and the
nozzle-to-target spacing had an interactive effect on droplet drift
and leaf deposition. Llop et al.'” studied the application effect of
airflow-assisted spray technology in traditional tomato greenhouses
and carried out experiments on the deposition amount and droplet
distribution uniformity on crops. According to the downwind spray
drift curve, Wang et al.!"" fitted the same type of nonlinear equations
under four operating conditions of a UAV. Zhao et al.'” established
a droplet deposition model based on bimodal distribution and
established a droplet deposition prediction model by using the
Monte Carlo method. Sinha et al.'”! quantified the drift of fixed
canopy delivery systems and air-assisted sprayers, and results
showed that air-assisted spray losses increased, while fixed canopy
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delivery systems had minimal air drift losses. Fouque et al.'!
conducted experiments indoors by changing the spray angle through
the spray rod and applying the auxiliary effect of air flow, and
reached the following conclusions: the increase of auxiliary air flow
will make the distribution of droplets more uniform, and changing
the spray angle can improve the spray quality to a certain extent.
Kira et al." used tree line barriers or buffers to significantly reduce
spray drift (up to 50%). Zhang et al.'” provided the basis for air
spray decision-making and droplet deposition prediction by
studying the relationship between resistance and wind speed and
recorded the changes in frontal area, canopy edge displacement, and
optical porosity. Elizabeth et al.l'” used airflow-assisted spray
technology to study the uniformity of droplet deposition on artificial
plants in a greenhouse. Zhang et al.' simulated and analyzed the
physical properties of vortex evolution, droplet motion, and
evaporation by CFD technology to explain drift and deposition
characteristics.

In summary, the research on the influence of airflow assistance
on droplet drift has been mainly carried out from the perspectives of
airflow velocity, spray angle, spray height, spray pressure, and
droplet size. There is a lack of research on the influence of
uniformity of the air outlet of the air duct and the interaction of
multiple factors on droplet drift. This paper has designed and
optimized the wind outlet of the air duct based on the static pressure
recovery theory and combined the theory with numerical
simulations for studying the interaction of multiple factors on
droplet drift.

2 Structural design of air curtain system

According to the anti-drifting principle of an air curtain system
for a high ground clearance sprayer, the air duct generates
downward auxiliary airflow to force the droplets to move downward
to change the movement trajectory of the droplets and reduce the
occurrence of droplet drift. The overall structure of an air curtain
system for a high ground clearance sprayer is shown in Figure 1.

‘.‘ I .“ 3\73{- ]

6 71 8 19

1. Body 2. Frame 3. Pesticide tank 4. Spray pump 5. Outlet hose 6. Axial-flow
fan 7. Air duct 8. Spray boom 9. Nozzle
Figure 1  Overall structure of the air curtain system of the ground

clearance sprayer

This optimized design was based on the static pressure
recovery method. The principle is as follows: changing the
downstream cross-sectional area to make the static pressure at the
tee of the air duct equal and changing the cross-sectional size makes
the air flow rate at the air outlet equal. In a branched pipe, the air
flows out of the pipe close to the air outlet so that the air flow rate
of the air outlet far away from the pipe decreases in turn, v, > v,, as
shown in Figure 2. When the total pressure of the fluid remains
unchanged, the decrease in wind speed will reduce the dynamic
pressure and increase the static pressure, the static pressure of
Section 2-2 is greater than the static pressure of Section 1-1, and the
calculation method of static pressure recovery is to use the

increased static pressure to overcome the resistance of the next pipe
to obtain the corresponding cross-sectional area of the pipe and then
determine the size of the cross-section.

Figure 2 Schematic diagram of static pressure recovery method

The energy equations in the two Sections 1-1 and 2-2 of the
duct tee are:
WP O P 1)
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where, z is potential energy; 5 p is dynamic pressure energy; /Tg is
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static pressure energy; / is pressure loss.
The calculation method of static pressure recovery needs to

meet the following conditions:
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Equation (3) can be rewritten as

% =K (Vi — ‘i) (4)
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where, K is the static pressure recovery coefficient value, taken as
0.75.

To simplify the problem, the following assumptions are made:
the flow velocity and static pressure of the section are represented
by the average flow velocity of the section and the average static
pressure of the section, the flow coefficient and the resistance
coefficient along the path are constant, and the air outflow is only
due to the static pressure in the pipeline.

The Bernoulli equation is only suitable for the calculation of a
single air duct because there is a problem of uneven distribution of
air mass in a multi-branched air duct. The air duct was designed as a
symmetrical structure, thus, this paper has used a unilateral air duct
for calculation and analysis. According to the Bernoulli equation,
the following relationship is determined:

2 2
PH_Pz—z:AP_K<'[%_F%) (5)
where, p_;,p.-» are static pressure of Sections 1-1 and 2-2, Pa;
Vi1, Vo are wind speed at Sections 1-1 and 2-2, m/s; p is density of
air, kg/m’; Ap is total pressure loss between Sections 1-1 and 2-2,
Pa.

The formula for calculating the static pressure of Section i:
_pv
=

(6)

Di

where, v; is the velocity of the outlet hole of the i" air duct, m/s; x is
the flow coefficient.
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Since the airflow velocity and outlet area of the air duct outlet

remain unchanged, p,_; = p,,.
pv%—] pv;z)
Ap=K|——-—"= 7
pek (Pl ™
Equation (7) can be written as
i A pv;
sr= [, 55 ®

where, A is the drag coefficient along the way; D is the average
equivalent diameter of the air duct between Sections 1-1 and 2-2.

If the length of the single air duct /, the outlet hole at the
smallest section was set to 1, and so on, as shown in Figure 3; and
the entire air volume was sent from the air outlet of the air bag, and
the air volume of each air outlet is equal, but:

0= X% ©

n

where, i is the location of the air duct outlet; Q; is the air volume at
the i" exit; Q, is the total air volume of the air curtain inlet section.

DN\* O ixQ,
Ai:ﬂ'(—‘) === 10
2 V; nw; (10)
where, D; is the diameter of the section at the outlet of the i* air
duct; w; is the air velocity of the pipe at the cross section i, m/s.
iQ

mw;

D=2 (11)

Since the calculation starts from the end, the average value of
D; and D;,, is approximated to take D; and we get:

w2, —w? \VRAW"?
K i+l i ) — i 1 2
( 2 A0, (12)

where, 4 is 0.02; / is the length of the single air duct.

9
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Figure 3  Pipe section
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The airflow velocity and aperture of each air outlet of the air
duct are equal, Q, = nr’*vn, where r is the radius of the air outlet, v
is the airflow velocity of the air outlet, and n is the number of air
outlets. Since it is a single air duct calculation, n is 20. When D, is
taken as 100 mm, 90 mm, 80 mm, 70 mm, and 60 mm, respectively,
the size of the air duct is listed in Table 1.

Analysis of the data shows that the maximum diameter of the
air duct is 436.16 mm when D, is 100 mm, which is larger than
410 mm and does not meet the design requirements. In other cases,
the maximum diameter of the air duct is less than 410 mm, which
meets the design requirements. In this study, D, was taken as 80 mm,
and the maximum equivalent diameter of the air duct was 346.73
mm, which was taken as 350 mm for the convenience of processing.

3 CFD calculation model and flow field analysis

3.1 Diaphragm pump selection

This description takes the variable-section air duct designed
based on the static pressure recovery method as an example. A
simulation model of a variable cross-section air duct is established
with the same size as the model. The model size is listed in Table 2.
To reduce the influence of boundary conditions on the flow field

simulation, the air duct outlet is 2500 mm long, 600 mm wide, and
1000 mm high. The calculation area is shown in Figure 4. In actual
operation in the field, the horizontal natural wind in the opposite
direction of the sprayer driving speed has the most serious impact
on the spray droplet drift"”), so this study only has considered the
horizontal wind speed and ignored wind speed in other directions.

Table 1 Calculation of the equivalent diameter of each section
of the air duct (mm)

D, diameter
100.00 90.00 80.00 70.00 60.00

Air duct section

D, 140.95 126.81 112.67 98.52 84.38
D, 172.22 154.90 137.58 120.26 102.94
Dy 198.47 178.47 158.47 138.48 118.48
Ds 221.52 199.16 176.81 154.45 132.09
Dy 242.30 217.81 193.31 168.82 144.33
D, 261.35 234.90 208.44 181.99 155.53
Dy 279.04 250.76 222.47 194.19 165.91
Dy 295.61 265.61 235.61 205.62 175.62
Dy 311.24 279.62 248.00 216.39 184.77
Dy 326.08 292.92 259.76 226.60 193.44
Dy, 340.23 305.59 270.96 236.32 201.69
Dy, 353.78 317.72 281.67 245.62 209.57
Dy, 366.78 329.37 291.96 254.55 217.14
Dy 379.31 340.58 301.86 263.13 224.41
D¢ 391.40 351.40 311.41 271.42 231.43
Dy 403.10 361.87 320.65 279.42 238.20
Dig 414.44 372.02 329.60 287.18 244.76
Do 425.45 381.87 338.28 294.70 251.12
Dy 436.16 391.44 346.73 302.02 257.30
Table 2 Geometric model parameters
Inlet Maximum Minimum Outlet Number of  Air outlet
diameter/ diameter of  diameter of diameter/  air outlets/  spacing/
mm model/mm  model/mm mm mm mm
410 350 80 40 40 50
Air duct Inlet  Air outlet
Vg
Plane 2—_|
e Ee
2 l—-—
2500 600

Figure 4 Schematic diagram of variable cross-section air duct

3.2 Model meshing

ICEM CFD software was used to mesh the model. The model
has adopted a tetrahedral non-structure, and the two ends of the air
duct are densified. The total number of meshes is 1 842 718, and the
mesh is shown in Figure 5.

Figure 5 Air duct and calculation area
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3.3 Choice of governing equations

For the continuous phase wind fluid simulation, the standard
turbulence model is used, and its transport equation is: kinetic
energy equation (k-equation):

d(pk) d(pku) 9 {( ﬂ,) ak}
2o 92 L) = | +Gi+Gy—pe—Yy +S
ot * ox; 0x; ,u+0_k Ox; FOr+ O —pe—Lut ok

Dissipation equation (g-equation):

d(pe) 6(p£u,-)_i M R
5, " ox _ax,[( " )

[

& &g
axJ*‘Cls;(Gk"’Cka)—CZspf +S.
(13)

J-

where, p is the air density, kg/m’; ¢ is the dissipation rate, m*/s’; k is
the turbulent kinetic energy, m?s* u is the continuous phase
dynamic viscosity, Pa-s; 4; is the turbulent viscosity, Pa‘s; oy is the
turbulent dissipation rate Prandtl number; o, is the turbulent kinetic
dissipation; ¢ is the time, s; u; is the speed in the i direction, m/s; G
is the generation term of turbulent kinetic energy due to the average
velocity gradient, Pa/s; G, is the generation term of turbulent kinetic
energy due to the influence of buoyancy, Pa/s; Y,, is the effect of
compressible turbulent pulsation expansion on the total dissipation
rate, Pa/s ; Sk is a user-defined item, Pa/s; S, is a user-defined item,
Pa/s’; Cy, , C,, , and C;, are empirical constants, which are 1.44,
1.92, and 0.09, respectively. For the discrete phase droplet motion,
the Lagrangian method is used to solve the problem, and the
transport equation is:

du, 18uCpRe

—£= 14

ey p 80P 1P 1pd 9
Trrp, 2p,2p,dty

where, u is the continuous phase velocity, m/s; u, is the particle
velocity, m/s; p, is the particle density, kg/m’; g, is the acceleration
of gravity, m/s’; Re is the relative Reynolds number; Cj, is the drag
coefficient.
3.4 Boundary condition
algorithm and principle

In this simulation, the effect of gravity was considered. The
wind inlet above the air duct model and the horizontal wind speed

settings and CFD simulation

~1.07¢+01

—1.88e+01
—2.01e+01
—2.15e+01
—2.28e+01

—9.13e+00 ~2.42¢+01

a. Cloud diagram of airflow velocity
distribution withvariable cross-section
air duct fan frequency at 10 Hz

b. Air flow velocity distribution
diagram with variablecross-section
air duct fan frequency at 25 Hz

inlet were set as the velocity inlet boundary, and the outlets were the
pressure outlet boundary. The wall was processed with no
penetration and no slip boundary conditions.

This paper has adopted the SIMPLE algorithm, first-order
upwind style, and second-order upwind style.
3.5 Evaluation index of air duct model

In this paper, the coefficient of variation of the air velocity at
the air outlet of the air duct was used as the evaluation index of the
air duct model. The coefficient of variation of the air outlet can be
calculated by the following equations:

_ SV(X) 0,
Can = 55 X 100% (15)

> mi=5X))

n—1

(16)

where, S,y is the standard deviation of the air velocity at the air
outlet.
3.6 Results and analysis of air duct simulation

The air duct flow field was simulated when the fan frequency
was 10 Hz, 25 Hz, and 40 Hz (the corresponding theoretical speeds
were 560 r/min, 1400 r/min, and 2240 r/min), and the corresponding
inlet speeds were 3.46 m/s, 8.66 m/s, and 13.86 m/s. Twenty of the
air outlets of the air duct were selected as test ports, starting from
the first air outlet on both ends, and every other outlet was used as a
test port, as shown in Figure 6, where Figures 6a-6¢ are the cloud
map of the airflow velocity distribution of the variable-section air
duct.

The flow field of the equal-section air duct was analyzed, as

Sa(X) =

shown in Figure 7, where Figure 7a is the grid division diagram of
the equal-section air bag and the calculation area, and Figures 7b-7d
are the fan frequencies of the 10 Hz, 25 Hz, and 40 Hz equal-section
air duct airflow velocity distribution cloud maps. Table 3 lists the
velocity and variation coefficient of the air duct outlet under
different fan frequencies.

After analyzing Table 3, the following conclusions can be
drawn:

c. Cloud map of airflow velocity
distribution withvariable cross-section
air duct fan frequency at 40 Hz

Figure 6  Air velocity distribution cloud diagram of variable cross-section air duct

ANSYS
R19.0

a. Meshing diagram of b. Contour map of air velocity

equal-section air duct and
calculation area

distribution with equal
cross-section air duct fan
frequency at 10 Hz

d. Distribution of air flow
velocity at a frequency of 40 Hz
for a constant-section air duct fan

c. Contour diagram of air velocity
distribution with equal
cross-section air duct fan
frequency at 25 Hz

Figure 7 CFD model of constant cross-section wind
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Table 3 Comparison of the speed and the coefficient of variation of each air outlet of the air duct

Average flow velocity =~ Average velocity of ~ Variable section air

Equal section air duct coefficient of ~ Average velocity Cocfficient of

Fan frequency/

Hz of V_ariable section equal section air duct cqefﬁcient variation difference/ variation difference/%
air duct/m-s™ duct/m-s of variation/% 1% m-s’

10 7.83 6.06 4.45 11.50 1.77 5.44

25 19.01 15.63 4.12 6.32 3.38 2.20

40 28.82 23.67 4.66 6.13 5.15 1.47

(1) When the fan frequencies of the variable-section air duct
were 10 Hz, 25 Hz, and 40 Hz, the average flow velocities at the
outlet were 7.83 m/s, 19.01 m/s, and 28.82 m/s, respectively. The
coefficients of variation were 4.45%, 4.12%, and 4.66%. When the
fan frequencies of the constant-section air duct were 10 Hz, 25 Hz,
and4(0Hz theaverageflowvelocitiesattheoutletwere6.06m/s,15.63m/s,and
23.67m/s.Thecoefficientsofvariationwere11.50%,6.32%,and6.13%.

(2) When the fan frequency was 40 Hz, the average velocity
difference between the variable-section air duct and the constant-
section air duct was the largest, at 5.15 m/s; the minimum was 1.77
m/s when the frequency was 10 Hz. The coefficient of variation
reached a maximum of 5.44% when the fan frequency was 10 Hz,
and it reached a minimum of 1.47% when the frequency was 40 Hz.

4 Analysis of droplet drift characteristics and
optimization of parameters under multiple working
conditions

4.1 Determination of droplet breakup model and boundary
conditions

In this study, the spray source was added and a nozzle was
selected to carry it out. According to the atomization mechanism of
the nozzle, the flat fan nozzle was selected in Fluent and the TAB
model was selected. The motion was set to “trap”, which is droplet
deposition, and plane 1 and plane 2 were set to “escape” as the
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a. Particles distribution trajectory
of naturally falling droplets

b. Cloud map of particles
velocity distribution in naturally
falling fog droplets falling droplets

trajectory with horizontal wind speed

particle escape boundary. Considering the effect of gravity,
unsteady simulation was adopted. The simulation time was 5 s, the
iteration step was 0.05 s, and the number of time steps was 100.
4.2 Evaluation index of droplet drift rate

This paper has ignored the natural wind component in the
direction of the air duct, and the movement of water droplets in the
direction of the air duct was not considered. Therefore, the number
of particles passing through face 1 and face 2 were counted as the
number of drifting droplets, and the number of particles passing
through plane 3 were counted as the number of particles deposited
by the droplet.

The droplet drift rate is defined as:

_ 0
n= X 100% (17)

Ny

Ny
4 4
where, m, = E gpnrfn,», m, = E gpnr?n,»; m, is drifted particle

mass; m is dié;l)osited particle maisfé; N, is the number of particles
drifting through plane 1 and 2 in Figure 4; p is droplet density; #; is
the number of particles in i* particles; r; is particle radius in
particles; N, is the number of particles passing through plane 3 in
Figure 4.

Figure 8 shows the particle distribution trajectories of the
droplets in the natural spray state and the particle distribution
trajectory diagram of the horizontal wind speed.
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Figure 8 Droplet tracking trajectory diagram and velocity distribution cloud diagram

4.3 Analysis of numerical simulation results of droplet drift
under multiple working conditions

Design-expert8.0 software was used to analyze the results of
the orthogonal test, and the spray pressure, horizontal wind speed,
and fan frequency were chosen as variables. The test factors and
levels are listed in Table 4.

Table 4 Test factor level coding table

Coding Spray pressure/ Horizontal wind Fan frequency/
level MPa speed/m-s™ Hz
-1 0.2 2 10
0 0.4 4 25
0.6 6 40

This test was a three-factor and three-level orthogonal test at a
nozzle height of 500 mm. The test results are listed in Table 5 and
Table 6.

According to the data in Table 6, the above results were

imported into the data analysis software, and the Quadratic model
was selected to obtain the quadratic regression equation between the
droplet drift rate and each factor:

y=31.85+1.034+15.71B-11.19C+0.78AB - 0.38AC—-

5.34BC —2.54A> —3.05B* +2.13C* (18)

where, y is the droplet drift rate; 4 is the spray pressure; B is the
horizontal wind speed; and C is the fan frequency. It can be seen
from the variance analysis results of the regression model in Table 6
that the p-value of the regression model was less than 0.0001,
indicating that the regression model was highly significant.
Additionally, the p-value of the model’s lack of fit was 0.7920,
which is greater than 0.05, indicating that the model’s lack of fit
was not significant. The fitting degree of the model was relatively
high. From the p-values of spray pressure, horizontal wind speed,
and fan frequency, it can be judged that the three experimental
factors had a significant impact on the droplet drift rate. Among
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Table S Orthogonal test results

Test  Spray pressure  Horizontal wind ~ Fan frequency ~ Droplet drift
No. A /MPa speed B /m-s™ C/Hz rate/%
1 0.60 4.00 40.00 20.65
2 0.40 4.00 25.00 31.28
3 0.40 6.00 10.00 63.16
4 0.40 2.00 10.00 21.07
5 0.60 2.00 25.00 11.05
6 0.40 6.00 40.00 30.11
7 0.40 4.00 25.00 31.02
8 0.20 4.00 40.00 19.85
9 0.40 2.00 40.00 9.38
10 0.40 4.00 25.00 31.92
11 0.20 4.00 10.00 41.47
12 0.60 6.00 25.00 44.03
13 0.60 4.00 10.00 43.79
14 0.20 6.00 25.00 39.89
15 0.40 4.00 25.00 32.68
16 0.20 2.00 25.00 10.04
17 0.40 4.00 25.00 3235

them, the horizontal wind speed and fan frequency had extremely
significant effects on the droplet drift, while the spray pressure had
a significant effect. The factors of influence from large to small
were: horizontal wind speed, fan frequency, and spray pressure. The
fitted regression model had a high degree of accuracy and reliability
due to the coefficient of variation of 1.97%, and the correlation
between the predicted value of the droplet drift rate and the
experimental value was a straight line (as shown in Figure 9).
According to the analysis results of the regression model, Design-
Expert8.0 software was used to draw the 3D response plane of the
interaction of various factors for the droplet drift rate.

Figures 10a-10c are response planes of the interaction between
fan frequency and spray pressure, the response surfaces of the
interaction between fan frequency and horizontal wind speed, and
response surfaces of interaction between horizontal wind speed and
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Table 6 Variance analysis of the quadratic regression model of

droplet drift rate
Source of variance Mean square Degree of freedom Sum of square  p-value
Model 318463 9 353.85 <0.0001
A 8.55 1 8.55 0.0017
B 1973.49 1 1973.49 <0.0001
c 1001.26 1 1001.26 <0.0001
AB 245 1 2.45 0.0338
AC 0.58 1 0.58 0.2418
BC 114.06 1 114.06 <0.0001
A 27.24 1 27.24 <0.0001
B 39.26 1 39.26 <0.0001
(& 19.17 1 19.17 0.0002
residual 2.47 7 0.35
lack of fit 0.52 3 0.17 0.7920
pure error 1.96 4 0.49
sum 3187.10 16

spray pressure. The optimal solution of the model was a droplet
drift rate of 9.38% under a spray pressure of 0.4 MPa, horizontal
wind speed of 2 m/s, and fan frequency of 40 Hz.
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Figure 9 Correlation between the predicted value of droplet drift
rate and the experimental value
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Figure 10  The influence of multi-factor interaction on droplet drift

5 Prototype construction and testing

The air curtain system test system was mainly composed of a
frame, an axial flow fan, an air curtain air duct, a frequency
converter, a spray system, and a droplet collection container. There
was no leakage, the speed of the axial flow fan was controlled by
the frequency converter, the air duct was made of canvas, the
minimum diameter of both ends of the air duct was 80 mm, and the
maximum diameter was 350 mm. The spray system was composed
of spray boom, nozzles, hose, pressure gauge, spray pump, and
pesticide tank. The spray pressure was adjusted by adjusting the
pressure-regulating screw on the spray pump. The main parameters
of the test device are listed in Table7.

Table 7 Main parameters of the test device for air curtain
system of the high ground clearance sprayer

Device Technical parameter Value
XTL diaphragm pump Flow/L - min™ 4
Electronic balance Weighing range/g 0.5-3000
Y-100 pressure gauge Measuring range/MPa 0-0.6
German Lechler ST110-01 nozzle Atomization angle/(°) 110
GMS816 Anemometer Measuring range/m-s ' 0.1-30
SF3.5-2 axial flow fan Maximum air volume/m*h 6000
Inverter Delta VFD-M Power/kW 0.75
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The test site was sealed to avoid external interference. The
nozzle was 500 mm away from the collection surface of the droplet
collection container, and the horizontal distance between the nozzle
and the edge of the inner side of the droplet collection container was
300 mm. In this test, the influence of the running speed of the
sprayer and the horizontal natural wind speed in the opposite
direction were comprehensively considered, and the horizontal wind
speed was simulated by the axial flow fan. The test site is shown in
Figure 11.

Figure 11 Test site of droplet drift rate test

5.1 Experiment of measuring the flow velocity at the air outlet
of the air curtain

The GM816 anemometer was used to measure the speed of the
wind outlet. The anemometer was placed close to the outlet of the
air duct, the measuring position was kept still until the displayed
number on the anemometer was stable for approximately three
seconds, and the wind speed value for each orifice at different fan
speeds was read. The average value of three measurements was
taken. The test points were consistent with the numerical simulation
test points.

As can be seen in Table 8, when the fan frequency was 10 Hz,
25 Hz, and 40 Hz, the average airflow velocity value of the actual
air duct outlet was smaller than the average value of the numerical
simulation. The maximum difference value was 1.72 m/s when the
fan frequency was 40 Hz, and the minimum was 0.73 m/s when the
fan frequency was 10 Hz. The variation coefficient of the air duct
outlet was at a maximum of 0.99 when the fan frequency was 10
Hz, and the minimum was 0.02 when the fan frequency was 25 Hz.
There were few differences between the numerical simulation and
the experimental data.

Table 8 Comparison of air velocity and coefficient of variation between numerical simulation and experiment

Numerical simulation of the mean
air velocity at the air outlet of

Average air velocity

Fan frequency/ at the air outlet of

Numerical simulation
coefficient of variation/

Coefficient of
variation difference/

Test coefficient
of variation/

Air velocity
difference at air

Hz the air duct/m's™' the test air duct/m's™ % % duct outlet/m-s”' %

10 7.83 7.10 445 3.46 0.73 0.99
25 19.01 17.90 4.12 4.10 1.11 0.02
40 28.82 27.10 4.66 4.34 1.72 0.32

5.2 Multi-condition droplet drift rate test of air curtain system

In this study, the spray pressure was kept steady at 0.5 MPa,
which is commonly used in the operation. The fan frequency was
set to 0 Hz, 15 Hz, 25 Hz, 35 Hz, and 45 Hz, and droplet drift rate
was tested at horizontal wind speeds of 2 m/s, 4 m/s, 6 m/s, and 8
m/s. In actual experiments, it is difficult to count the droplet
particles, so the mass of droplets deposited on each surface in the
experiment is taken as the calculation result of droplet drift. The
droplet drift rate was used as the evaluation index of droplet drift,
and the ratio of the droplet drift amount to the total mass of the
droplet spray was defined as the droplet drift rate to reflect the
influence of various factors on the droplet drift.

D, = Q;D x 100% (19)

where, Dy is droplet drift rate, %; Q is the total mass of spray
droplets, g; and D is spray droplet deposition, g.

The weighing instrument used in this test was an electronic
balance, with specifications MAX=3000 g, e=0.1 g, d=0.01 g. The
pressure of the water pump was adjusted by adjusting its pressure-
regulating screw, and the spray mass of the measured spray in the
natural state was 1587.4 g. The test results of droplet drift rate are
listed in Table 9.

The following conclusions can be drawn from Table 9:

(1) The predicted results were close to the test results when the
fan frequency was 0 Hz. The optimal fan frequency was different
from the test when the horizontal wind speeds were 2 m/s and 4
m/s, and it was consistent with the test when the wind speeds were 6
m/s and 8 m/s.

(2) The optimal fan frequency in the test was 25 Hz when the
horizontal wind speed was 2 m/s, and the lowest value of the droplet
drift rate was 13.65%, lower than 30.98% with the fan frequency of
0 Hz. The droplet drift rate increased when the fan frequencies were

35 Hz and 45 Hz.

(3) The optimal fan frequency in the test was 35 Hz when the
horizontal wind speed was 4 m/s, and the droplet drift rate was
23.88%, lower than 58.39% with the fan frequency of 0 Hz.

(4) The optimal fan frequency in the test was 45 Hz when the
horizontal wind speeds were 6 m/s and 8 m/s, and the droplet drift
rates were 27.02% and 29.78%, respectively, lower than 77.64%
with the fan frequency of 0 Hz.

Table 9 The droplet drift rate corresponding to each working
condition when the spray pressure is 0.5 MPa

Horizontal wind Fan frequency/ CFD prediction of Test droplet
speed/m-s™ Hz droplet drift rate/% drift rate /%
2 0 28.57 30.98
2 15 17.55 19.26
2 25 12.58 13.65
2 35 9.50 14.37
2 45 8.32 16.98
4 0 56.62 58.39
4 15 40.26 43.65
4 25 31.73 34.77
4 35 25.09 23.88
4 45 20.35 24.59
6 0 78.56 77.64
6 15 56.87 60.49
6 25 44.717 47.78
6 35 34.58 35.95
6 45 26.27 27.02
8 0 94.40 97.32
8 15 67.36 79.49
8 25 51.71 55.03
8 35 37.95 40.96
8 45 26.09 29.78
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6 Conclusions

This paper has drawn the following conclusions through
theoretical calculations and prototype tests:

(1) The difference between the constant-section air duct and the
variable-section air duct was compared through CFD numerical
simulation. When the fan frequency was 40 Hz, the average velocity
difference between the two air ducts was the largest, at 5.15 m/s,
and the difference was the smallest when the frequency was 10 Hz,
at 1.77 m/s. The coefficient of variation had a maximum difference
of 5.44% when frequency was 10 Hz and a minimum difference of
1.47% when frequency was 40 Hz. Air flow rate at the air outlet
was higher and more uniform, with a lower coefficient of variation.

(2) The CFD prediction model and 17 sets of orthogonal
experiments were established through discrete phase and continuous
phase coupling calculations. According to the degree of influence
from large to small, the factors are arranged as follows: horizontal
wind speed, fan frequency, spray pressure. The optimal solution of
the model is a spray pressure of 0.4 MPa, a horizontal wind speed of
2 m/s, and a fan frequency of 40 Hz, resulting in a droplet drift rate
0f 9.38%.

(3) A prototype of the air curtain system and the test platform
were built for the droplet drift rate test. When fan frequency was
10 Hz, 25 Hz, and 40 Hz, respectively, the average airflow velocity
value of the actual air duct outlet was smaller than the average value
of the numerical simulation. The maximum wind speed was 1.72
m/s when the frequency was 40 Hz, and the minimum wind speed
was 0.73 m/s when the frequency was 10 Hz. The coefficient of
variation of the air duct outlet had a maximum value of 0.99 when
the frequency was 10 Hz, and a minimum value of 0.02 when the
frequency was 25 Hz.

(4) The droplet drift rate was tested under multiple working
conditions when the spray pressure was kept steady at 0.5 MPa.
When horizontal wind speeds were 2 m/s and 4 m/s, the drift rates
were the lowest when frequencies were 25 Hz and 35 Hz,
respectively, at 13.65% and 23.88%, respectively. When the
horizontal wind speeds were 6 m/s and 8 m/s, the droplet drift rates
reached their lowest when frequency was 45 Hz, at 27.02% and
29.78%, respectively. When the horizontal wind speeds were 2 m/s,
4 m/s, 6 m/s, and 8 m/s, the droplet drift rates of the optimal
auxiliary airflow were reduced by 17.33%, 34.51%, 50.62%, and
67.54%, respectively. The fit was higher at horizontal wind speeds
compared with the unassisted airflow.
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