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Abstract

Spray drift can severely reduce crop yields in maize (Zea mays L.)-soybean (Glycine max (L.) Merr.) strip intercropping systems. A
novel hood structure for a spray unit was developed to mitigate herbicide drift. By integrating the structural stability of trapezoidal
profiles with the aerodynamic advantages of arcuate shapes, a hooded spray unit was designed. A three-factor, three-level orthogonal
experiment was conducted to optimize key structural parameters. Analysis of variance revealed that opening width (L=1200 mm)
and hood height (H=650 mm) significantly influenced drift rate, while inclination angle (6=80°) had a lesser effect. Simulation
results showed that the optimized hood reduced droplet mass-center displacement by up to 21.89 cm and lowered drift rate by 27.4%
compared to a without-hood sprayer. Comparative analyses of four hood designs further confirmed the superior performance of the
proposed structure in promoting deposition and suppressing drift. Prototype experiments on an intercropping-specific boom sprayer
show droplet deposition densities on non-target strips remained below 2.1 droplets cm 2, demonstrating effective isolation. These
findings indicate that the novel hood design meets agronomic requirements for maize-soybean intercropping and offers a practical
solution for precision weed control with reduced environmental impact.
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Introduction

Soybean (Glycine max (L.)’s nutritional value is globally rec-
ognized. However, balancing high yields with sustainable develop-
ment remains a major challenge for agriculture (Padalkar et al.,
2023). Maize (Zea mays L.)-soybean strip intercropping enhances
air circulation, reduces light loss, and improves stress tolerance
(Wu et al., 2023). By integrating plant-soil feedback technology,
intercropping systems maintain soil health and ensure safe produc-
tion (Kama et al., 2024). Compared with monoculture, this system
improves overall performance by approximately 30%, increases
land-use efficiency, promotes crop symbiosis (Li et al., 2020) and
does not increase the energy demand of the operation (Cortez et
al., 2018). Adopting this pattern therefore reduces pressure on soy-
bean production. Management of pests, diseases, and weeds is crit-
ical for achieving high and stable yields in maize-soybean strip
intercropping (Dong et al., 2025). Maize, a grass species, and soy-
bean, a broadleaf species, require different herbicides. Moreover,
spray drift can severely reduce final yields. Existing plant-protec-
tion implements for strip intercropping are merely simple modifi-
cations of conventional equipment. They fail to support mecha-
nized, efficient production and exhibit high phytotoxicity, low effi-
ciency, and poor adaptability (Moore et al., 2022).

Covered-spray application installs isolation hoods to separate
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the crop from the external environment, creating a semi-enclosed
spraying zone that effectively reduces droplet drift in intercropping
systems (Li et al., 2023). Ozkan were the first to evaluate nine
mechanical shielding devices for their ability to reduce droplet
loss, using the nozzle-to-droplet center-of-mass distance as the
metric under wind-tunnel conditions (Ozkan et al., 1997). The
Danish company SKOVHAVE developed hoods in various sizes —
initially for strawberry growers and later for other row crops.
Willmar Fabrication produces a hooded sprayer primarily used for
sugarcane weed control to limit herbicide drift. Liu e al. (2021)
designed a conical airflow-based anti-drift device that minimizes
vertical drift losses. With the advent of UAV-based spraying sys-
tems, similar enclosure structures have been incorporated into mul-
tirotor plant-protection drones (Kong et al., 2024). Although these
studies have generated various hood designs for conventional
sprayers, none have specifically analyzed anti-drift performance in
strip intercropping systems.

Different types and sizes of hoods can significantly influence
spray performance; therefore, they must be selected and optimized
for specific field conditions. Accordingly, investigating airflow
patterns around and within the hoods and refining their structural
design and dimensional parameters are crucial. This approach
ensures optimal spray deposition and meets stringent requirements
for preventing cross-strip droplet drift during herbicide application
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in maize-soybean strip intercropping.

In this study, computational fluid dynamics (CFD) simulations
were first employed to analyze airflow characteristics and optimize
the structural parameters of the hood. Subsequently, prototype
experiments were conducted to validate the simulation results and
evaluate the anti-drift performance under practical conditions. This
combined approach ensures both theoretical analysis and experi-
mental verification.

Materials and Methods

Working principle and structural design of the
wind shield

According to previous studies, hoods can adopt either a trape-
zoidal or an arcuate profile as their primary geometry (Ozkan et
al., 1997). In practice, the trapezoidal configuration is widely used
for its superior stability and load-bearing capacity. Conversely, the
arcuate form, with its streamlined shape, effectively reduces aero-
dynamic drag and maintains robust performance under strong
winds. By integrating the advantages of both designs, a novel hood
tailored for strip-intercropping systems was developed (Figure 1).
An orthogonal experimental design determined the optimal struc-
tural variables of the hood. This method is commonly used in
multi-factor, multi-level mechanical design studies and in optimiz-
ing agricultural machinery operating parameters (Li et al., 2019;
Yu et al., 2023; Liu et al., 2024). Three factors — hood height (H),
lower opening width (L), and inclination angle (0) — were selected
at three levels, and a 3> orthogonal design was used to determine
the optimal combination. Drift rate served as the evaluation metric.
Analysis of variance on the drift data pinpointed the optimal factor
levels, thus establishing the hood’s ideal dimensions.

Numerical simulation model of the hood airflow field

Advances in CFD provide a solid theoretical basis for resolv-
ing two-phase flow problems (Tang et al., 2017). ANSYS Fluent
simulates three-dimensional gas flow and tracks droplet trajecto-
ries (Qin et al., 2016; Laguardia et al., 2023). It also quantifies
spray performance metrics through numerical calculations and
simulation analyses (Baetens et al., 2007; Nuyttens et al., 2017).
Compared with costly wind-tunnel experiments and stringent oper-
ational requirements, CFD is better suited for designing and opti-
mizing spraying equipment. Tsay used FLUENT (version 2022
R1) to model droplet trajectories and flow-field characteristics for
six hood geometries (Tsay et al., 2002).

The experimental study was conducted to validate the effec-
tiveness of the optimized hood structure obtained from the CFD
simulations and to assess its performance under practical operating
conditions. The airflow field was solved using a pressure-based
solver with the SIMPLE algorithm. A second-order upwind
scheme was adopted for discretization to improve numerical accu-
racy. The Lagrangian Discrete Phase Model (DPM) was employed
to simulate droplet motion. Since spraying occurs under ambient
temperature conditions, thermal effects were neglected. The air-
flow was treated as incompressible due to the low operating wind
speed, corresponding to a low Mach number condition. Therefore,
only the mass and momentum conservation equations were solved,
and the energy equation was not considered (Dong ef al., 2023).
Droplet trajectories are computed using the Euler-Lagrange
approach (Tu et al., 2018). The discrete-phase particle motion
equation is expressed as follows:
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where:

u, denotes the velocity of the discrete phase;

1 denotes the dynamic viscosity of the continuous phase;
C, denotes the drag coefficient;

R, denotes the relative Reynolds number;

p, denotes the density of the discrete phase;

d, denotes the diameter of the discrete particles;

g denotes the acceleration due to gravity.

Turbulence effects were modeled using the realizable k-g
model, which is suitable for external flows with complex geome-
tries and has been widely applied in agricultural airflow simula-
tions. The discrete phase was simulated using the Lagrangian
Discrete Phase Model (DPM). Droplets were injected at the nozzle
outlet using a surface injection method. The droplet size distribu-
tion followed a Rosin-Rammler distribution, and their trajectories
were calculated considering drag force and gravity. Droplet evap-
oration, breakup, and coalescence were neglected to simplify the
model. The simulations were conducted under transient conditions
to capture the time-dependent behavior of airflow and droplet
transport. The initial droplet velocity was assumed to be consistent
with typical nozzle exit conditions reported in the literature. The
characteristic droplet size distribution parameters were selected
based on representative flat-fan nozzle spraying conditions. Due to
the focus on macroscopic droplet transport and drift behavior,
detailed nozzle internal flow characteristics were not explicitly
modeled.

In the numerical simulation of the two-phase flow field,
droplet evaporation, breakup, and coalescence were neglected, and
the droplet size distribution was assumed to follow a Rosin-
Rammler distribution. Based on the hood’s geometry and dimen-
sions, a computational domain was created in SolidWorks (version
2022) with overall dimensions of 4 m (L) x 2 m (W) x 1.2 m (H).
The quadrilateral ABCD face served as the natural wind inlet. The
hood was placed 1 m downstream of this inlet, with its lower edge
positioned 250 mm above the ground. The resulting three-dimen-
sional airflow field model is shown in Figure 2.

Ambient wind in the three-dimensional fluent domain flows
along the positive X-axis. A velocity-inlet boundary condition is
applied to the wind-entry face. The flow is treated as incompress-
ible. Wind speed critically affects operational safety and spray per-
formance. According to the Field Operation Specifications for
Plant-Protection Machinery, Beaufort scale 3 winds (3.4-5.4 m/s)

Figure 1. Dimension of the hood structure.

[Journal of Agricultural Engineering 2026; LVII:1874]



Article

noticeably disrupt field spraying operations. Therefore, the inlet
wind speed was uniformly set to 5 m/s in the CFD simulations. All
downstream boundaries were defined as pressure outlets.
Quadrilateral ABCD is the inlet, while ACEG, ABEF, CDGH, and
BDGF serve as pressure-outlet boundaries.

Choosing an appropriate solver algorithm enhances CFD effi-
ciency and accuracy. A pressure-based solver with the SIMPLE
algorithm was selected under the Solution Methods settings. This
solver is well suited for most conventional incompressible flows
and offers rapid convergence. Since the airflow driving droplet
drift is incompressible, the SIMPLE algorithm was employed. All
transport equations are discretized using a second-order upwind
scheme (Hu et al., 2021). Airflow field simulations for nine hood
geometries were conducted using Fluent. The selected values of
inclination angle 6 (°), lower opening width L (mm), and height H
(mm) for these nine cases are listed in Table 1.

Performance comparison of different hoods

The hood’s geometry modifies the local airflow around
droplets, promoting rapid deposition onto crops and thus reducing
drift. Based on the CFD simulation results, the proposed intercrop-
ping hood was compared with three existing drift-control devices
used on strip-intercropping sprayers (Figure 3). The anti-drift per-
formance of each configuration was evaluated under the maize-
soybean strip intercropping system. Hood (a) comprises two flat
panels spaced 1.2 m apart, with a height of 0.8 m and no top cover.
Fabricated from 3 mm-thick polyester sheet, it effectively blocks
inter-strip droplet drift while minimizing seedling damage and
mounts to the spray boom via fasteners and U-shaped connectors
(Cui et al., 2023).

Hood (b) features a semicircular profile with a 0.6 m radius
and a 0.2 m opening height. Originally developed for potato crop
protection, it has demonstrated excellent drift-reduction perform-
ance in trials (Wei et al., 2021).

Hood (c) enhances design (b) by replacing the lower half with
two inclined flat panels while retaining a 0.45 m-diameter arc in
the upper half. The flat panels incline at 85°; the bottom opening
width is 1.2 m; the opening height remains 0.2 m.

Hood (d) represents the novel structure proposed in this study.

Experimental evaluation of anti-drift performance
with physical samples

Based on the optimal factor levels identified by the orthogonal
design, hood prototypes were fabricated and mounted on a test rig
for anti-drift trials. These experiments assessed the hoods’ ability
to separate two agrochemical formulations under realistic condi-
tions. Separate valves and plumbing lines were installed for the
maize and soybean spray units. During maize-strip drift tests, only
the maize spray system was activated, and the soybean system
remained off. Conversely, during soybean-strip drift tests, only the
soybean spray unit operated. Wind speed during the experiments
was measured using a hot-wire anemometer (GM8903; Biaozhi,

Table 1. Factor level table.

Shenzhen, China). Spray pressure was monitored using the built-in
pressure gauge of the sprayer system. Artificial plants replaced liv-
ing crops and were arranged in a 4:2 maize-to-soybean row ratio.
Maize simulants were 40 cm tall, and soybean simulants were 25
cm tall. Within each soybean strip, plant spacing alternated at 20
cm, 40 cm, and 20 cm; in the maize strip, spacing was uniformly
40 cm. The inter-row distance between maize and soybean strips
was set to 60 cm (Figure 4). The sprayer passed the artificial rows
at 3, 4, and 5 km/h to evaluate droplet drift under varying field-
operating speeds. Test conditions were as follows: April 26, 2025,
13:00-16:00; Zhenjiang, China; ambient temperature 20-25°C; rel-
ative humidity 20%; southeast wind at Beaufort scale 3 (3.4-5.4
m/s). Although the experiments were conducted under open-field
conditions, key environmental parameters, including wind speed,
temperature, and relative humidity, were monitored and main-
tained within a controlled range during the test period. To improve
the reliability of the results, each experimental condition was
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Figure 2. Three-dimensional model of the airflow field.
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Figure 3. Model diagrams of the four hoods design.

Level 0(°) L (mm) H (mm)
1 70 1100 650
2 75 1200 700
3 80 1300 750
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repeated three times, and the average values were used for analysis
to reduce random variability. Although minor fluctuations in ambi-
ent wind speed and direction were unavoidable under open-field
conditions, the overall experimental trends remained consistent.
The purpose of the experiments was to validate the relative per-
formance and drift-reduction capability of the proposed hood,
rather than to replicate a fully controlled flow field. Therefore, the
experimental results are considered sufficient to support the effec-
tiveness of the proposed design and to provide practical validation
of the CFD findings. Because droplet coverage on water-sensitive
paper (WSP) during drift tests is very low (Ahmad ez al., 2022) and
WSP exhibits an underestimation of fine droplets (Cunha ef al.,
2019), this experiment adopts droplet deposition density as the
evaluation metric. Droplet deposition density, defined as the num-
ber of droplets deposited per unit area of crop surface, is calculated
as follows:

D =§ (Eq. 2)

where:

D is the droplet deposition density (droplets cm?);

n is the number of droplets deposited on the collection substrate
(droplets);

S is the area of the collection substrate (cm?).

Droplet deposition was measured using water-sensitive paper.
After the experiments, the WSP samples were collected and ana-
lyzed using deposition analysis software to obtain droplet number
and distribution. The droplet deposition density was then calculat-
ed based on the number of droplets per unit area.

Results and Discussion

Determination of optimal wind-shield parameters

Based on the three-factor, three-level orthogonal experiment in
Section 2.1, CFD simulations were conducted in ANSYS Fluent
for nine hood geometries. Figure 5 presents the resulting discrete-
phase droplet trajectories. Analysis of variance (ANOVA) results
(Table 2) reveal the significance of inclination angle 6 (°), opening
width L (mm), and height H (mm) on drift rate. Here, factors A, B,
and C correspond to 0, L, and H, respectively. At o = 0.05 (critical
value Fg.05(2,2) = 19), ANOVA vyielded FA < Fy.95(2,2), FB >
Fo.05(2,2), and FC < Fy.95(2,2). Since FB exceeds the critical value
and FC > FA, the results indicate that the hood opening width (L)
has a statistically significant effect on drift rate. Furthermore,
height H influences drift rate more strongly than angle 6. These
findings are consistent with the range-analysis results. These
results indicate that opening width L has the greatest effect on drift
rate, followed by height H, which similar to previous research that
spray height affected the pesticides’ effect (Zhang et al, 2021); the
effect of inclination angle 0 is not significant at the 1% level. The
optimal hood configuration for maximum drift prevention corre-
sponds to factor-level combination A3B2C1: 6=80°, opening width
L=1200 mm, and hood height H=650 mm.

The orthogonal optimization was performed under a constant
wind speed of 5 m/s. In addition, identical droplet injection set-
tings were applied in all simulation cases. This ensured that varia-
tions in drift rate were solely attributed to differences in hood
structural parameters.

A AR ® %P %% A AR
A A 22 22 4 A
ﬁi ® %P % % ££
AR 22 e A4 A
PR 22 22 R 3
Ao B o

Figure 4. Maize-soybean simulation model.

Table 2. Analysis of variance for drift-rate factors.

Source Sum of squares Degree of freedom Mean square F-value Significance
0(°) 6805 2 3403 1977 *

L (mm) 73.765 2 36.882 21.432 HEE
H (mm) 18.220 2 9110 5294 ok

Error 3442 2 1721 - -

Total 102.232 8 - - -

* wk kxk Asterisks in this column mean...

OPEN aACCESS

[Journal of Agricultural Engineering 2026; LVII:1874]



Article

Analysis of factors affecting drift

Ambient wind speed and spray pressure critically affect
droplet drift during application. Wind speed and spray pressure
were selected as independent variables to further evaluate the anti-
drift performance of the hood. The displacement of the droplet
mass center (D,,) and the drift rate (3,) were used as evaluation
metrics. Table 3 lists the specific levels of ambient wind speed and
spray pressure used in the study. Twelve operating conditions were
simulated using ANSYS Fluent to quantify the drift-reduction per-
formance of the hood. The values of D, and f3,, were compared for
cases with and without the hood under different wind speeds and
spray pressures.

During the spraying process, ambient wind speed and spray
pressure significantly influence droplet drift. In this study, wind
speed and spray pressure were selected as independent variables,
while the mass-center displacement (D,,) and drift rate (,,) were
used as evaluation metrics.

The D, is an important indicator of spray performance. A
smaller D,, indicates that droplets remain closer to the nozzle and
deposit more effectively in the target region. It is calculated as:

_Zia0mi - di)

Dm == (Eq. 3)

where:

(1) (2)

-
N

Fibeik

(4) (5)

Dm is the drift mass centroid distance (mm),
i is the droplet index,
z is the total number of droplets,
mi is the mass of the ith droplet (g), di is the distance between the
ith droplet and the nozzle (mm).

The drift rate (Bm) is defined as the ratio of the mass of
droplets escaping the computational domain to the total sprayed
mass, expressed as a percentage. It is calculated as:

_ M-, m;

B L% 100%

(Eq. 4)

where:
p,, 1s the drift rate (%);
m; is the mass of droplets deposited within the target region (g);
n is the number of deposited droplets;
M is the total sprayed mass (g).
Table 4 compares mass-centroid displacement (Dm) and drift

Table 3. Factor level table for drift analysis.

Factor Levels

Wind speed (m/s) 2,345
Spray pressure (MPa) 0.2,0.3,0.4

(3)

(6)

(7) (8)

Figure 5. Discrete phase droplet trajectories for wind shields of different dimensions.
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rate (Bm) with and without the hood, revealing the following
trends: Under constant spray pressure, Dm increases with wind
speed, and the difference between hooded and non-hooded cases
widens. The smallest displacement difference (4.25 cm) occurs at
2 m/s and 0.2 MPa, while the largest (21.89 cm) occurs at 5 m/s
and 0.2 MPa. Under constant wind speed, Dm increases with rising
spray pressure.

Table 4 compares drift rates under varying conditions. Under
fixed pressure, drift rate increases with wind speed, and the gap
between hooded and non-hooded rates widens at higher speeds.
The minimum drift-rate reduction (11.5%) occurs at 2 m/s and 0.2
MPa, while the maximum reduction (27.4%) occurs at 4 m/s and
0.4 MPa. Under fixed wind speed, drift rate also increases with ris-
ing spray pressure. These simulation results demonstrate that the
hood reduces droplet drift by up to 27.4%.

Comparison of anti-drift performance

Each of the four hoods was simulated individually using the
airflow-field numerical model established in the previous para-
graph. Figure 6 shows the converged continuous-phase velocity
fields for six hood configurations. Different hood geometries exert
distinct influences on droplet deposition and drift, as follows:
hoods (a) and (c) accelerate airflow at both their top and bottom
edges. The resulting high-velocity streams drive fine droplets
rightward, exacerbating drift and increasing the drift rate. Hood (b)
induces a low-velocity recirculation zone downstream, which hin-
ders the deposition of small droplets. Hood (d) generates a high-
speed flow region beneath it, promoting droplet deposition and
suppressing drift. Its arcuate upper section channels the flow
inward, further enhancing performance. Based on the analysis of
these flow-field characteristics, the most suitable hood design can
be identified to achieve optimal spray deposition with minimal
drift. Figure 7 shows the discrete-phase droplet trajectories for six
hood configurations, with colors indicating droplet diameter. In
Hood (a), droplets smaller than 244 pum drift along the external

flow field. In Hood (b), droplets below 227 pum drift, with paths
closely following the local velocity vectors. In Hood (c), droplets
under 257 pm drift, and a localized recirculation in the right-hand
interior induces inward spiraling. Hood (d) markedly reduces
droplet drift compared to the other five designs and shows no sig-
nificant deposition on the hood surface. Together, these results
illustrate that the novel Hood (d) design provides the most effec-
tive drift prevention.

Prototype testing of the hooded boom sprayer

The maize-soybean intercropping-specific spray system was
installed on a prototype boom sprayer. Off-target drift tests were
then conducted for soybean-band and maize-band applications to
evaluate the hood’s isolation performance under real-world condi-
tions (Figure 8).WSP was placed at the base of non-target plants to
collect deposited droplets. Droplet deposition density was then
used as the evaluation metric. With the maize-band spray unit
operating, no droplets were detected on the two central soybean
rows at any test speed; only the two rows adjacent to the maize unit
showed minimal deposition. At 3 km/h, deposition density
remained below 1.0 droplets cm™. As speed increased, edge depo-
sition rose slightly, peaking at 2.1 droplets cm 2 at 5 km/h. With
the soybean-band spray unit active, droplet deposition within the
maize band remained limited. At the lowest speed, maize-band
deposition density ranged from 0.6 to 2.9 droplets cm™. Although
drift rate increased with speed, peak deposition density remained
below 8.0 droplets cm™.

Limitations of the protype experiments and future
requirements

Because maize-soybean strip intercropping has not yet entered
the seeding, weeding, and chemical-spraying stages, all evalua-
tions of our hooded spray prototype were limited to open-site trials
rather than true in-crop field experiments. Consequently, the ambi-
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Figure 6. Flow distribution of the airflow fields for the four wind-shield designs.
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Figure 7. Discrete-phase droplet trajectories for various wind-shield designs.

Figure 8. Anti-drift experiment protype.

ent wind conditions during these tests fluctuated in speed and
direction and did not exactly match the uniform 5 m/s inlet bound-
ary used in our CFD simulations, potentially introducing discrep-
ancies in droplet trajectories. The relatively small, obstacle-free
test area also prevented assessment of long-distance drift and
multi-row interactions typical of operational intercropping sys-
tems, and the lack of actual crop canopies omitted their influence
on local airflow and deposition patterns. In future work, we will
conduct large-scale trials across varied terrains and cropping
arrangements, employ wind-tunnel or other controlled-environ-
ment facilities to standardize wind parameters, incorporate crops
simulants or living plants, explore multiple droplet and agrochem-
ical formulations, and evaluate the long-term operational stability
and maintenance requirements of the hooded sprayer design.

Conclusions

This study investigated how wind speed and spray pressure
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affect the anti-drift performance of hoods. Results show that, with
the hood in place, mass-center displacement decreases significant-
ly, and droplet drift reduces by up to 27.4%, with a maximum dis-
placement reduction of 21.89 cm. Field trials were conducted on
soybean- and maize-band spray units to evaluate the drift-preven-
tion performance of the hoods, showing good agreement with CFD
predictions. Airflow patterns and droplet trajectories for four hood
designs were also simulated using deposition and drift rates as
evaluation metrics. These analyses confirmed that the novel hood
developed here delivers the best anti-drift performance. Finally,
prototype experiments at varying forward speeds measured cross-
band deposition, further validating that the designed hood meets
the agronomic requirements of maize-soybean strip intercropping
systems.
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