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Predicting spray drift reduction classification of flat-fan
nozzles based on droplet size spectrum
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Abstract: Spray drift reduction classification evaluation provides theoretical support and technical basis for chemical precision
applications. Traditional measurement of spray drift reduction relies on the wind tunnel experiment, which involves a complex
testing process and a long measurement cycle. In this study, the feasibility of using a droplet size spectrum to implement drift
reduction classification of flat-fan nozzles was studied. A phase doppler interferometry (PDI) was used to determine the droplet
size spectra of seven types of flat-fan nozzles, including Dys,, V75%, Vg%, V150%, and V,5,%, and the calculated drift reduction
classifications were compared with the measurements obtained by the wind tunnel method. The results showed that droplet-
spectrum-based spray drift potential reduction classification was highly correlated with the results obtained from the wind
tunnel method, with the lowest correlation coefficient being 0.969. Spray drift potential reduction classification represented by
V00% shows the highest consistency with the wind tunnel measurements. This study confirms the positive potential of using
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droplet size spectra to estimate spray drift, and provides a method for the classification of agricultural nozzles.
Keywords: flat-fan nozzle, spray drift potential reduction, classification, droplet size, wind tunnel

DOI: 10.25165/j.ijabe.20251806.9727

Citation: Li L L, Zhang R R, Tang Q, Yan W L, Ding C C, Xu G, et al. Predicting spray drift reduction classification of flat-
fan nozzles based on droplet size spectrum. Int J Agric & Biol Eng, 2025; 18(6): 24-32.

1 Introduction

The agricultural nozzle is a crucial component of plant
protection machinery. Chemicals are atomized by the nozzle to
form droplets, which can maximize the effectiveness of disease and
chemical

pest control. During the application

approximately 20% to 30% of fine droplets are carried off to non-

process,

target zone under the influence of environmental wind and
inappropriate applications, causing spray drift pollution and crop
damage!'”. Given these severe consequences, spray drift has
become a significant research topic in the field of chemical
application technology. Droplet deposition measurements in non-
target areas after spraying process are the most direct method to
understand the spray drift characteristics of agricultural nozzles®*.
Spray drift and deposition characteristics of UAV sprayers equipped
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with different nozzles have also been widely studied®”. The
International Organization for Standardization (ISO) proposed test
methods to evaluate the spray drift characteristics of plant
protection machinery and chemical application techniques with
specialized drift detection equipment. Based on this, many
researches have been conducted on spray drift characteristics of
boom sprayers™' and air-assisted orchard sprayers ['*'*. In addition,
some EU countries have classified sprayers, spray techniques, or
nozzles as spray drift-reducing technologies. This classification is
done by comparing the spray drift generated by a candidate spray
with that of a reference spray according to ISO 22369-1!">',

Field experiments could accurately reflect the droplet drift
patterns under actual conditions. However, due to the complexity
and variability of meteorological factors, it is difficult to replicate
the experimental results. The wind tunnel test achieves precise
control of environmental meteorological factors and has proven to
be a valuable method for evaluating the drift reduction performance
of nozzles!". It has been widely used in the study of spray drift
characteristics!"**".

Based on wind tunnel experiments, scholars developed the DIX
(drift potential index)®”" and DEIX (deposition evaluation index)?.
By measuring the total droplet volume flux on the vertical and
horizontal planes downwind, spray drift characteristics of nozzles
can be scientifically compared. Taylor et al.”!and Bai et al.’l
established evaluation indicators of DPR (drift potential reduction)
and DIXRP (drift potential index reduction percentage) to assess the
spray drift potential reduction performance of agricultural nozzles.
With these evaluation methods, the effects of spray pressure, nozzle
type, and adjuvants on spray drift have been investigated™>".
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However, both field and wind tunnel tests rely on passive collectors,
and the processes of collector arrangement, collection, and sample
analysis are complex, cumbersome, and costly.

Previous studies have demonstrated that droplet size is a major
factor influencing the amount of spray drift as well as the spray
deposition on canopy target™*!. Can droplet size be used directly to
characterize the drift potential reduction performance of nozzles,
thereby replacing field or wind tunnel tests to improve measurement
efficiency? To this end, we tried to evaluate spray drift reduction
performance of flat-fan nozzles based on droplet size spectrum, and
the feasibility is verified using the traditional wind tunnel method.
This study aims to provide a reference for researchers and
practitioners in plant protection to quickly assess the spray drift
characteristics of nozzles.

2 Materials and methods

Experiments were conducted at the National Experiment
Station for Precision Agriculture in Xiaotangshan, Beijing. Spray
drift tests were conducted at the IEA-II wind tunnel developed by
Intelligent Equipment Research Center, Beijing Academy of
Agriculture and Forestry Sciences (Figure 1). This wind tunnel
features an open-ended design, with a working section of 6.0 m
length, 2.0 m width, and 2.0 m height. A uniform and stable wind
field was generated under the combined action of the rectifier and
rectifying device. The adjustable range of the wind speed in the
working section was 0.5-7.0 m/s, the turbulence was less than 0.3%,
and the wind uniformity was less than 0.5%"*. These wind tunnel
specifications fulfilled the requirements of the ISO 22856:2008
standard”’.

a. Overall appearance of the
wind tunnel

b. Spray drift test section

Figure I Wind tunnel used in spray drift test

Phase doppler interferometer system (PDI, PDI-300, Artium
Technologies Inc., USA) was used to determine the droplet size
spectrum of the nozzles used. Considering the focus of this study is
to assess the spray drift potential reduction performance using the
droplet size spectrum and droplet size directly affects the evaluation
results, the flat-fan nozzles with spray angle 110° were selected.
Preliminary tests were conducted for nozzle selection based on the
Dyso (VMD, volume median diameter) at a spray pressure of
0.3 MPa”\. The determined flat-fan nozzles used included standard
nozzles ISO F110-03, ISO F110-04 (Hardi International Inc.,
Denmark), and XR 110-03 (TeelJet Technologies Inc., USA), low-
drift nozzle ISO LD 110-04, anti-drift nozzles ISO MD 110-02 and
ISO MD 110-03 (Hardi International Inc., Denmark), as well as
AIXR 110-03 nozzle (TeeJet Technologies Inc., USA), respectively.
Among them, standard flat-fan nozzles have a uniform deposition
distribution with a higher droplet density, and low-drift nozzle
features a pre-spraying inlet at the front of the nozzle body, which
reduces droplet velocity and pressure. The anti-drift nozzle utilizes
the Venturi air-inclusion principle to discharge larger bubble-
containing droplets which produce small droplets when impacting
the target. Seven nozzles have Dy, values ranging from 153.20 to

379.77 um, exhibiting a good gradient distribution in droplet size,
which facilitates the applicability analysis of this new method.
Currently, research on the spray drift reduction performance of
agricultural nozzles predominantly uses the flat-fan nozzle 110-03
as the reference. This nozzle is commonly employed and has a
relatively moderate spray drift characteristic, which facilitates
comparisons of spray drift reduction performance between different
nozzles™*'*. In this study, standard flat-fan nozzle XR 110-03 was
selected as the reference.

The addition of adjuvants to spray solutions to simulate actual
application conditions is a standard practice in spray drift testing. In
this study, silicone adjuvant with a concentration of 2.5%o (chemical
composition: ethoxy modified polytrisiloxane, Hebei Nongxun
Biological Technology Co., Ltd., China) was used as the spray
solution. The spray pressure was set at 0.3 MPa®””. The orifice size
of each nozzle was measured using a stereomicroscope (ZSM0745,
Beijing Ruihongcheng Technology Development Co., Ltd.). The
flow rate and orifice size are listed in Table 1.

Table 1 Orifice size and flow rate at 0.3 MPa spray pressure
for the nozzles used

Catego Type Flow rate/  Orifice length/  Orifice width/
gory P L min” mm mm
ISO F110-03 1.19 2.07 0.61
Standard — yp 110.03 1.25 1.97 0.51

flat-fan

ISO F110-04 1.54 3.06 0.73
Low-drift ISO LD 110-04 1.61 3.04 0.87
ISO MD 110-02 0.84 2.50 0.63
Anti-drift  ISO MD 110-03 1.18 3.06 0.85
AIXR 110-03 1.24 3.03 0.83

2.1 Droplet size spectrum measurement

Phase doppler interferometer system consists of a three-
dimensional moving platform, optical transmitter and receiver,
advanced signal analyzer (ASA), data management computer, and
AIMS 2.3.0.1 software. PDI measurement relies on emitting two
interfering light beams that intersect and pass through the
atomization zone. During this process, the interference light will
change its propagation angle due to the scattering or refraction of
droplets. The optical receiver captures this scattered information
and transmits it to the ASA signal processor, which calculates the
droplet size values through computer software. This instrument
covers a size range of about 0.5-1500 um. Typically, droplet size
measurement is often performed using a laser particle size
analyzer®¥. Previous research has confirmed differences in the
droplet spectrum at various locations within the atomization zone
below the nozzle™. Single-point measurement is not sufficient to
characterize the actual spray atomization performance. To address
this, our study employs a two-dimensional measurement to
determine the droplet size spectrum in the atomization plane. As
shown in Figure 2, the nozzle is fixed at 0.5 m above the horizontal
measurement  plane®. To  characterize the atomization
characteristics more comprehensively, all measurements were
carried out through the long axis of the spray atomization, the
length and width of the rectangular scan pattern were 1.5 m and
0.1 m, and the distance interval in the Y direction was 0.025 m. The
optical module is driven by the three-dimensional moving platform
at a speed of 0.04 m/s along the preset trajectory. The three-
dimensional moving platform consists of aluminum alloy frames
and a lead screw mechanism. The optical module mounted on the
aluminum alloy frame is driven by the lead screw, ensuring stable
and vibration-free operation.
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b. Scanning path of phase doppler interferometer system

Note: Z is the vertical distance between the scanning surface and nozzle, m; S
represents the start position; £ represents the end position; X represents horizontal
scanning distance, m; Y represents total of scanning lengths in longitudinal
direction, m; Ay represents distance between the round-trip scanning lines, m.

Figure 2 Droplet size spectrum measured by phase doppler

interferometer system

Seven characteristic parameters, including Dyg, Dysg, Dyoo,
V5%, VigeYo, ViseYo, and V5% were calculated; among them, Dy,
Dys, and Dy, represent the diameters for which smaller droplets
constituted 10%, 50%, and 90% of the total volume, respectively.
V5%, Vg%, Vis0%, and V,50% represent the volume percentages of
droplets with diameters smaller than 75 gm, 100 ym, 150 ym, and

200 pm, respectively.
2.2 Spray drift measurement in wind tunnel

The test procedure adhered strictly to wind tunnel test
regulations and the ISO 22856 methodology. To eliminate the
influence of the tunnel floor on the wind flow turbulence and
droplet bouncing and to prevent passive collectors from touching
the floor, an artificial ground was set at a height of 0.1 m above the
tunnel floor. The single nozzle was fixed 0.5 m above the artificial
ground in an upwind direction, with the spray fan perpendicular to
the wind direction. Polyethylene lines with diameters of 2.0 mm
were used as passive collectors. Based on the wind tunnel method
described in the literature®™!, we collected airborne drift deposits in
the vertical plane and sediment drift deposits in the horizontal
profile, respectively. The comprehensive deposits data obtained
further validated the effectiveness of using droplet size spectrum to
evaluate potential spray drift reduction. For the vertical plane, five
polyethylene lines (V,-Vs) were arranged horizontally across the
wind tunnel at a horizontal distance of 2.0 m from the nozzle in the
downwind direction, at heights from 0.1 to 0.5 m with intervals of
0.1 m. Nine lines (H,-H,) were arranged in a horizontal array at
distances of 2.0 to 6.0 m in 0.5 m intervals. An anemometer was
arranged in the wind tunnel to monitor the wind speed in the
working section. The layout of the experimental setup is shown in
Figure 3.

Previous studies demonstrated that the agreement between
measuring results from different wind tunnel configurations and
sampling methodologies was closest for wind speeds ranging from
2.0 to 2.5 m/sP. And the spray drift results of static single nozzle
are most similar to the field test results when the wind speed is
2.0 m/s"). In this study, the wind speed in the wind tunnel was set to
2.0 m/s. Yellow tartrazine with a mass fraction of 8 g/L was added
to the Silicone additives solution as the tracer for drift deposits
determination'".

Anemometer

L 2
L i
Time controller s X N
|
Nozzle j =)
5 e
p 2.0m
I " Je 3 i
| 20m 10.5 m 0.5 m

4.0 m

a. Layout schematic diagram of testing device in wind tunnel

b. Test device arranged within the drift test section

Figure 3  Spray drift test in wind tunnel

A timer combined with an electromagnetic valve was used for
spraying time control. Once the spraying duration reaches the preset
value, the timer automatically powers off, causing the
electromagnetic valve to close and stop the spray. The spraying time
was strictly controlled to be 10 s, and spray pressure was set at
0.3 MPa. When the droplets on the line surface had completely
dried, the collection lines were collected in a plastic zipper bag and
stored in a dark box. Each trial was repeated three times.

2.3 Drift potential reduction classification
2.3.1 Droplet size spectrum-based measurement

Dysg, droplet volume median diameter, is widely used to
characterize droplet size. Many researchers have also pointed out
that when droplet size is below a certain value, spray plumes are

more prone to drift; 75 pm®, 100 gm™*, 150 pum“*, and

200 um™*! were considered as the critical values. For this purpose,
this study uses Dysg, V5%, V1%, Viso%, and V,50% as the basic
parameters to evaluate the anti-drift performance of the nozzles.
The drift potential reduction percentage (DPR) of candidate nozzle
relative to the reference is calculated as follows:

DOS _ DrS
DPR(Dys) = w x 100% (1)
V50
Vi~ Ve
DPR(V,,,) = % x 100% )
d%

where, DPR (Dys,) represents the drift potential reduction
percentage characterized by Dys, %; Dy, is the volume median
diameter of the reference spray, um; D95, is the volume median
diameter of the candidate spray, um; DPR(V ,) is the drift reduction
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percentage characterized by the proportion of the total volume of
droplets smaller than diameter d, which are 75, 100, 150, and 200
um, respectively; Vi and V9 are the proportions of the total
volume of droplets smaller than the diameter d of the reference and
candidate sprays, %.

2.3.2  Wind tunnel-based measurement

According to the procedures of ISO 22856:2008, the first step
is to determine the drift deposition on the surface of the collector
line and calculate the drift potential (DP) in both the vertical and
horizontal profiles. Drift potential is defined as the ratio of droplets
carried by cross-wind to non-target areas to the total spout from the
spray system. The reference spray is then compared, and each
candidate nozzle’s DPR is calculated separately.

10 mL of deionized water was added into plastic zipper bags
for dissolving the tracer on collector lines, and the absorbance of the
eluent was measured using a visible light spectrophotometer (752
N, INESA, Shanghai, China) at a wavelength of 426 nm. The
amount of the sprayed mixture on each line was calculated using the
following equation:

. VwXFs
T NXF,

x 10° 3)

’

where, V. is the deposit volume on each collector line, uL; i
represents the polyethylene lines arranged in the vertical plane,
ranging from 1 to 5 from bottom to top; j represents the lines
arranged in the horizontal direction and takes values from 1 to 9 in
the downwind direction; ¥, denotes the volume of deionized water
for tracer elution, mL; N indicates the dilution factor of the spray
solution; F, represents the absorbance value of the eluent; and F, is
the absorbance value of spray solution in the tank.

Drift deposit is directly correlated with the nozzle output. Due
to the differences in nozzle flow rates, to compare spray drift
characteristics of different nozzles used, drift deposits were
normalized™:

’

v, = 10 0
Vv
where, V;; is the normalized droplets amount of collector line in the
vertical or horizontal direction; Vy is the flow rate of nozzle,
mL/min.

Drift potential (DP) indicates that during the chemical
application process, there is a possibility of a relative (rather than
absolute) amount of spray liquid being carried out of the targeted
area by air movement*!. Referring to the study by Nuyttens®, the
three approaches of DPy,, DP;,, and DPy were used as
characterization parameters for DP.

(1) DPy,

This approach, proposed by Miller et al.", indicates that under
the assumption of a similar total flux of airborne drift produced by
two spraying methods in the vertical plane, the method with the
higher deposit height would be more prone to drift.

i=5
d
DP,, = § V. x D—C %)
C
i=1

where, DP), is the drift potential based on airborne drift deposits in
vertical plane; dc is the corresponding line height from the ground,
and when 7 ranges from 1 to 5; d corresponds to 0.1, 0.2, 0.3, 0.4,
and 0.5 m, respectively; D is the diameter of the collector line,
with D =2 mm.

(2) DPy,

DPy, was proposed by Nuyttens™ based on the numerical

integration method for the measurement of the airborne drift
deposits in the vertical plane, defined as:

i=5

Ad,

DPy, = Vx Do (6)
i=1

where, DPy, is the drift potential based on the numerical integration
method; Adc is the interval distance between adjacent lines, and
when 7 ranges from 1 to 5; Ad corresponds to 0.1, 0.2, 0.3, 0.4, and
0.5 m, respectively.

(3) DPy

DPy; was calculated using the drift deposits in horizontal
direction.

j=9

Ad,

DPy= VxS (7
j=1

where, DPy; represents the drift potential on the horizontal curve; j
ranges from 1 to 9; and Ad corresponds to 0.25, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, and 0.25 m, respectively.

(4) DPR

The DP of the candidate nozzle was compared with the
reference nozzle, and the drift potential reduction percentage (DPR)
was calculated:
DPS-DP%

DPR = -
DP'

% 100% (8)

where, DPR is the drift potential reduction percentage,%; DP® is the
drift potential of the reference nozzle; DP is the drift potential of
the candidate nozzle.

2.3.3 Dirift potential reduction classification (DPRC)

According to 1SO22369-1:2006"", the defined drift potential
reduction classifications (DRRC) are presented as follows: 4 (>
99%), B (95% to <99%), C (90% to <95%), D (75% to <90%), E
(50% to <75%), and F (25% to <50%). Class G was defined as a
reduction of <25%.

3 Results and discussion

3.1 Droplet size spectrum measurement
3.1.1 Droplet size characterization

As listed in Table 2, Dys, of the standard flat-fan nozzle XR
110-03 is the smallest at 153.20 um, while the anti-drift nozzle ISO
MD 110-03 produces the largest droplet size, with a D5, of
379.77 um. Overall, the droplet sizes produced by the anti-drift
nozzles were larger than those of the low-drift nozzles and standard
nozzles, and the V5%, V,00%, V}50%, and V5,,% exhibit a decreasing
trend.

Table 2 Results of droplet size spectrum of the nozzles
D VIO/ D VSO/ D V90/ V75/ Vl 00/ V]SO/ VZOO/
pum pm pm % % % %
XR110-03 70.98 153.20 284.23 10.92 22.03 48.44 74.56
ISOF110-03  82.00 188.02 365.29 7.86 15.57 35.12 57.92
ISOF110-04 94.53 237.27 430.08 6.26 11.09 24.06 42.11
Low-drift ISO LD110-04 122.68 286.27 516.36 2.94 6.10 15.83 31.05
ISOMD 110-02 138.78 312.61 559.83 1.90 4.23 11.94 26.05
Anti-drift AIXR 110-03 154.57 364.17 780.88 1.63 3.36 9.20 20.29
ISOMD 110-03 162.94 379.77 688.01 1.19 2.68 7.88 18.47

Category Type

Standard
flat-fan

The nozzles in the same category share identical structures.
Under the same spray conditions, droplet size is positively
correlated with the nozzle’s orifice size. A larger orifice size leads
to larger droplet size. For example, the orifice length and width of
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the ISO F110-04 nozzle are 0.99 mm and 0.12 mm higher than
those of the ISO F110-03 nozzle (Table 1), and the D5, of the
former is 49.25 um higher than that of the latter.

It is generally believed that anti-drift nozzles, due to their air-
inclusion design, produce bubble-containing droplets, resulting in
larger droplet sizes compared to conventional nozzles with the same
flow rate. Nevertheless, this comparison is rather partial since it
overlooks the impact of the orifice size. Similarly, some researchers
express doubt about this assumption, wondering whether the
increase in droplet size for air-inclusion anti-drift nozzles is due to
the presence of bubbles within the droplets or if it is influenced by a
combination of bubble-containing and nozzle orifice size". More
thorough exploration of the atomization characteristics of anti-drift
nozzles is required to fully understand these effects.

The length and width of the orifice of the low-drift nozzle ISO
LD 110-04 are comparable to those of the anti-drift nozzle ISO MD
110-03, while Dys, value of the latter is 93.50 um greater than that
of the ISO LD 110-04. It is demonstrated that for different
categories of nozzles, it is rather challenging to compare the droplet
sizes among them solely based on the orifice size. Instead, a
comprehensive assessment should be conducted by taking into

account both the nozzle structure and the orifice size.
3.1.2 Droplet size spectrum-based classification

With Equations (1) and (2), the drift reduction rates (DPR) of
the spray nozzles were computed respectively using parameters
Dyso, V5%, Vigg%, Visg%, and V,00%. Referring to ISO 22369-
1(2006), drift reduction capabilities of the nozzles used were
categorized, and the results are presented in Table 3. The DPR
values calculated based on various parameters, ranked in
descending order, are as follows: anti-drift [ISO MD 110-03, anti-
drift AIXR 110-03, anti-drift ISO MD110-02, low-drift ISO LD110-
04, standard flat-fan ISO F110-04, and the standard flat-fan ISO
F110-03. Among them, the anti-drift nozzle ISO MD 110-03
demonstrates the most superior drift reduction performance, with a
DPR (V4y%) reaching 87.83%, which represents an increment of
58.51 percentage points compared to that of the standard flat-fan
nozzle ISO F110-03. Meanwhile, the DPR (¥(,%) of the low-drift
nozzle ISO LD 110-04 exceeds that of the standard flat-fan nozzle
ISO F110-03 by 42.99%. For diverse categories of nozzles, the anti-
drift nozzles possess the prime drift reduction performance, trailed
by the low-drift nozzles, while the standard flat-fan nozzles exhibit
the weakest drift reduction performance.

Table 3 DPR and DPRC calculated based on droplet size spectrum

Dyso V35% Vioo%o Vis0% Vago%o

Category Type
DPR/% DPRC DPR/% DPRC DPR/% DPRC DPR/% DPRC DPR/% DPRC
ISO F110-03 18.52 <25% 28.02 25% 29.32 25% 27.50 25% 22.31 <25%

Standard flat-fan

ISO F110-04 3543 25% 42.67 25% 49.66 25% 50.33 50% 43.52 25%
Low-drift ISO LD 110-04 46.48 25% 73.08 50% 72.31 50% 67.32 50% 58.35 50%
ISOMD 110-02 50.99 50% 82.60 75% 80.79 75% 75.35 75% 65.06 50%
Anti-drift AIXR 110-03 57.93 50% 85.07 75% 84.75 75% 81.01 75% 72.79 50%
ISOMD 110-03 59.65 50% 89.10 75% 87.83 75% 83.73 75% 75.22 75%

Taking the drift reduction rate typified by V0% as an
illustration, the drift reduction performance grades of the two flat-
fan nozzles stand at class 25%, that of the low-drift nozzle ISO LD
110-04 amounts to class 50%, and those of the three anti-drift
nozzles reach class 75%. As discerned in 3.1.1, droplet size
generated by anti-drift nozzles is larger than that produced by low-
drift and standard flat-fan nozzles, and the volume fraction of fine
droplets is lower, resulting in superior drift reduction performance.
Low-drift nozzles feature a pre-spraying inlet design, where the
liquid is retained after entering the nozzle chamber, thereby
reducing spray pressure and velocity. Consequently, the droplet size
generated by low-drift nozzles is larger than that of standard flat-fan
nozzles.

For nozzles within the same category, the DPR (V%) of the
anti-drift nozzle ISO MD 110-03 surpasses that of the ISO MD 110-
02 nozzle by 7.04%. The length and width of the orifice are 0.56 mm
and 0.22 mm greater than those of the latter, respectively.
Generally, for nozzles of the same kind, a larger orifice size
correlates with enhanced drift reduction performance, which can be
attributed to the variation in droplet size induced by the orifice size.

Differences exist in both the drift reduction rates and the
grading outcomes of their drift reduction performance, which are
obtained through the utilization of diverse parameters. With the
exception of the standard flat-fan nozzles ISO F110-03 and ISO
F110-04, the drift reduction rates of the remaining nozzles, in
descending order, are DPR (V75%), DPR (V19%), DPR (V5,%),
DPR (V540%), and DPR (Dys,). The classification results of drift
reduction performance for each nozzle, characterized by V5% and
Vi00%, are consistent. The drift reduction levels of the anti-drift

nozzles ISO MD 110-03, AIXR 110-03, and ISO MD 110-02 is
class 75%, that of the low-drift nozzle ISO LD 110-04 is 50%, and
that of the standard flat-fan nozzles ISO F110-04 and ISO F110-03
is 25%.

3.2 Wind tunnel tests

3.2.1 Airborne drift

The normalized airborne drift deposits and drift potential in the
vertical direction are presented in Table 4. Among the three nozzle
categories, anti-drift nozzles exhibit the least airborne drift, trailed
by the low-drift nozzles, while the standard flat-fan nozzles possess
the highest airborne drift. Through comparative analysis with the
droplet size spectrum (Table 2), a larger D5, and lower proportion
of fine droplets are observed, suggesting a diminished drift potential
of the nozzle. For nozzles of the same category, a larger orifice size
leads to lower droplet drift deposits, which can be ascribed to the
augmented droplet size resulting from the orifice size increment.
The ranking of drift potential via the DPj,, and DPj, remains
consistent. Standard flat-fan nozzle XR110-03 exhibits the highest
drift potential, with DPj, and DPj, values of 0.384 and 0.137,
respectively. In contrast, the anti-drift nozzle AIXR110-03
demonstrates the lowest drift potential, with corresponding values
0f 0.072 and 0.027.

Figure 4 illustrates the normalized airborne drift deposits at
varying heights from the wind tunnel floor. It was observed that the
drift deposits reach a maximum at a distance of 0.1 m from the wind
tunnel floor. The drift deposit curves in the vertical plane of each
nozzle exhibit variations. For the low-drift nozzle ISO LD 110-04,
and anti-drift nozzles ISO MD 110-02, AIXR 110-03, and ISO MD
110-03, the drift deposition declined gradually with the increase of
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sampling height. For the standard flat-fan nozzle XR 110-03 and
ISO F110-03, drift deposits on the collector line at a height of 0.3 m
exceeded those at 0.2 m. The possible reason for this situation may
be that the two nozzles produce droplets with smaller droplet size,
with a relatively higher proportion of fine droplets, where Vg,
exceeds 15%. These fine droplets remain suspended in the air for a
longer period, resulting in higher drift deposits at 0.3 m height
compared to the 0.2 m. Miller et al.* have demonstrated that
deposit height is positively correlated with drift potential and that a
greater deposit height means worse drift performance. Based on the
aforementioned principle, it can be inferred that under identical
spraying conditions, the standard flat-fan nozzles are more prone to
causing droplet drift than anti-drift or low-drift nozzles.

Table 4 Normalized airborne drift deposits and drift potential
in vertical direction

Average normalized DP,,  DP,,

Category Type drift deposits x10°
XR 110-03 6.645 0384  0.137
Standard flat-fan 1SO F110-03 5871 0308 0.122
1SO F110-04 3.932 0.194  0.081
Low-drift  ISOLD 110-04 2.090 0.108  0.043
1SO MD 110-02 1.993 0.107  0.040
Anti-drift AIXR 110-03 1.358 0.072 0.027
1SO MD 110-03 1.409 0.076  0.029

XR110-03  —1ISO F110-03

--ISO MD110-03 -=1SO LD110-04
-—AIXR110-03
—-ISO MD110-02
2<ISO F110-04

Height/m

2 4 6 8 10 12

Normalized airborne drift/x10~*

Figure 4 Normalized ariborne drift distribution at different height
in vertical direction

3.2.2 Sediment drift

The normalized sediment drift deposit and drift potential in the
horizontal plane are presented in Table 5. Similar to the findings in
the vertical plane, the normalized drift deposits, in descending
order, pertain to the standard flat-fan nozzles, low-drift nozzles, and
anti-drift nozzles successively. Specifically, the drift amount of the
standard flat-fan nozzle XR 110-03 attains the highest value, which
is 4.673x10*, whereas that of the anti-drift AIXR 110-03 nozzle
registers the lowest value, amounting to 0.756x10™.

Table 5 Normalized deposition and drift potential in
horizontal direction

Category Type i daposis 10+ PP
XR 110-03 4.673 1.051

Standard flat-fan ISO F110-03 3.924 0.897
ISO F110-04 2.826 0.650

Low-drift ISOLD 110-04 1.434 0.329
ISO MD 110-02 1.160 0.275

Anti-drift AIXR 110-03 0.756 0.178
ISO MD 110-03 0.783 0.186

Figure 5 shows the normalized drift deposit distribution within
the range of 2.0-6.0 m downwind from the nozzles. The results
reveal that the normalized drift amounts decline gradually with the
increase in the distance. The sediment drift of the three standard flat-

fan nozzles is conspicuously higher than those of the low-drift and
anti-drift nozzles. For the XR 110-03 and ISO 110-03 nozzles, the
sediment drift amounts at a distance of 4.0 m are equivalent to those
of the low-drift and anti-drift nozzles at a distance of 2.0 m. Among
these nozzles used, XR 110-03 nozzle exhibits the largest droplet
deposition, while anti-drift nozzle AIXR 110-03 and MD 110-03
are relatively proximate at each sampling point and possess the
lowest sediment drift.

—+XR110-03 ~ISO F110-03
--1SO MD110-03 -=-ISO LD110-04
— —AIXR110-03

—-[SO MD110-02
--ISO F110-04

10.00

Normalized sediment
drift/x10™*

Distance from nozzle/m

Figure 5 Normalized sediment drift distribution in
horizontal direction

3.2.3 Wind tunnel-based classification

The drift potential reduction percentage (DPR) of each nozzle
are presented in Table 6. The results measured by the three
approaches (DPRj,, DPR;,, DPRy) in 2.3.2 are consistent,
indicating that the drift reduction performance of anti-drift nozzles
is superior to that of low-drift nozzles and standard flat-fan nozzles.
Anti-drift nozzle AIXR 110-03 exhibits the best anti-drift
performance, with DPRj,, DPR;,, and DPRy; values of 81.11%,
80.25%, and 83.03%, respectively. In contrast, all the three values
for the standard flat fan nozzle ISO F110-03 are below 20%,
resulting in the weakest anti-drift performance among the six tested
nozzles.

Table 6 DPR and DPRC calculated based on wind tunnel test

Nozzle Type Vertical direction P(Ij?;éi(t);:)?l
category DPR,,/% DPRC DPR,»/% DPRC DPR,/% DPRC
Standard ISOFI10-03 1973 <25% 1099 <25% 14.65 <25%
flat-fan  [SOF110-04 4936 25% 4137 25% 3814 25%
Low-drift ISOLD 110-04 71.84 50% 6891 50%  68.70  50%
ISOMD 110-02 72.19  50% 70.86 50%  73.84 50%

Anti-drift ISOMD 110-03  80.26 75%  79.23  75% 8231 75%
AIXR 110-03  81.11  75% 80.25 75%  83.03 75%

With regard to the classification of the drift reduction
performance, despite the variations in the values of DPRy,;, DPR,,
and DPRy, the classifications for each nozzle obtained using the
three approaches are consistent. Specifically, the drift reduction
performance of the standard flat-fan nozzle ISO F110-03 is in the
25% spray reduction class, whereas the anti-drift nozzle ISO MD
110-03 and AIXR 110-03 exhibit the optimal drift reduction
performance, in the 75% class.

3.3 Methods comparison

According to ISO 22369-1:2006, drift potential reduction
performance of the nozzles was categorized in accordance with the
magnitude of DPR, with the classification standard being divided
into four grades: G (<25%), F (25% to <50%), E (50% to <75%), D
(75% to <90%) and C (90% to <95%)"). A comparison of the
classification results based on droplet size spectrum and those based
on wind tunnel tests is shown in Table 7. In the wind tunnel method,
drift reduction performance of the anti-drift nozzles ISO MD 110-
03 and AIXR 110-03 were in the 75%-90% class, and the anti-drift
nozzle ISO MD 110-02 and the low-drift nozzle ISO LD 110-04
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were in the 50%-75% class. Meanwhile, the standard flat-fan
nozzles ISO F110-04 and ISO F110-03 were in the 25%-50% and <
25% classes, respectively. In the droplet size spectrum-based
method, differences existed in the drift potential reduction
classifications based on DPR (Dys,), DPR (V75%), DPR (V40%),
DPR(V5,%), and DPR (V,,%). With the exception of DPR (D),
the classifications of the ISO MD 110-03 and ISO LD 110-04

nozzles derived from the other four parameters were in line with the
results of the wind tunnel method. Except for V,5,%, the drift
potential reduction classifications of the ISO F110-04 nozzle using
the seven parameters of the droplet size spectrum method and the
wind tunnel method were identical, all falling within the range of
25%-50%.

Table 7 Drift reduction classification performance of the nozzles based on DPR

DPRC based on droplet size spectrum method

DPRC based on wind tunnel method

Nozzles

Type

DPR(Dysy) DPR(V35%)  DPR(V,00%)  DPR(V,5%)  DPR(V,,%) DPRy, DPR,, DPRy

ISOMD 110-03  E 50<75% D 75<90% D 75<90% D 75<90% D 75<90% D 75<90%

Anti-drift AIXR 110-03 E 50<75% D 75<90% D 75<90% D 75<90% E 50<75% D 75<90%
ISOMD 110-02  E 50<75% D 75<90% D 75<90% D 75<90% E 50<75% E 50<75%

Low-drift ISO LD 110-04 F 25<50% E 50<75% E 50<75% E 50<75% E 50<75% E 50<75%
ISO F110-04 F 25<50% F 25<50% F 25<50% E 50<75% F 25<50% F 25<50%

Standard flat-fan

ISOF 110-03 G <25% F 25<50% F 25<50% F 25<50% G <25% G <25%

Correlation analysis was carried out on the DPR wvalues
acquired from the droplet size spectrum and the wind tunnel tests
(Table 8). The results demonstrate a good correlation with the
lowest correlation coefficient being 0.969, which validates the
feasibility of classifying the drift potential reduction performance of
spray nozzles by means of the droplet size spectrum. Among these,
the classification of drift potential reduction characterized by V,,%
exhibits the highest consistency with the wind tunnel test; with the
exception of the anti-drift nozzle AIXR 110-03, the classification
results of the remaining nozzles are consistent. From Table 3, it can
be noted that the DPR (V,4,%) of nozzle AIXR 110-03 is 72.79%,
which is relatively proximate to the critical value of 75% for class D
(75<90%). Torrent et al.“”! conducted a comparison of the drift
potential reduction capabilities of hollow-cone nozzles through the
utilization of the droplet size spectrum and wind tunnel method. The
findings revealed that the classification performance denoted by
Vioo% exhibited the highest correlation with the outcomes of the
wind tunnel test, possessing a correlation coefficient of 0.948. The
primary factor taken into account was the difference in the
atomization patterns of the flat-fan nozzle and hollow-cone nozzle.
The spray plume generated by the flat-fan nozzles was distributed
within a single flat-fan shaped surface, whereas the hollow-cone
sprays form a hollow conical atomization configuration. The
differences in the spatial distribution of droplet clusters caused by
the atomization pattern may affect the deposit height, sediment
distance, and distribution characteristics of drifting droplets in the
wind tunnel test, thereby leading to variations in the spray drift
amount. Despite differences in the droplet size parameters used to
characterize drift potential reduction, the current results are
encouraging. This study identified a simpler and potentially
promising method for evaluating the spray drift characteristic of
widely used flat-fan nozzles. This facilitates the selection of nozzles
by government, farmers, and researchers.

Table 8 Correlation coefficients for DPR based on droplet size
spectrum and wind tunnel test
DPR(Dysp) DPR(V75%) DPR(Vig0%) DPR(Vis50%) DPR(F399%)

DPR, 0.985 0.969 0.983 0.989 0.985
DPR,, 0.988 0.979 0.992 0.993 0.989
DPRy 0.989 0.993 0.997 0.994 0.991

4 Conclusions

In agricultural plant protection operations, rapid evaluation of

nozzles can assist operators in selecting appropriate spray nozzles
efficiently and rationally, particularly crucial in the context of
pesticide application, where environmental protection concerns are
receiving increasing emphasis. In this study, experiments were
conducted using seven flat-fan nozzles from standard, low-drift, and
anti-drift categories to explore the evaluation and classification of
spray drift potential reduction based on droplet size spectrum, with
comparison and validation against wind tunnel tests. The
conclusions are presented as follows:

1) Regarding the classification of drift potential reduction
performance based on the droplet size spectrum, for the six nozzles
chosen in the experiment, taking into account the results
characterized by the Dysg, V5%, V9%, V5%, and V550%, the drift
potential reduction performance in descending order is anti-drift
nozzles, low-drift nozzles, and standard flat-fan nozzles. For
nozzles of the same category, the larger the orifice size, the better
the drift potential reduction performance. The classifications of the
drift reduction performance characterized by V5% and V0% are
consistent.

2) In terms of the classification of drift reduction performance
based on the wind tunnel tests, the standard flat-fan nozzle XR 110-
03 exhibits the highest drift amount in both the vertical and
horizontal planes, while anti-drift nozzle AIXR 110-03 shows the
least spray drift and the best spray drift potential reduction
performance.

3) Spray drift potential reduction classification based on the
Dyso, V5%, Vige%, Vis0%, and V,00% are highly correlated with the
wind tunnel tests, with the lowest correlation coefficient being
0.969. Among them, the classification results using V,,,% show the
highest consistency with the wind tunnel method, demonstrating the
potential of this parameter in nozzle classification.

Existing studies have demonstrated that spray drift is directly
associated with droplet size, which lays a theoretical foundation for
nozzle classification using the droplet size spectrum. This study
validates the feasibility of classifying the spray drift potential
reduction performance of flat-fan nozzles using the droplet size
spectrum. The results of the current study are encouraging and
present opportunities for future studies. It is difficult for most
farmers or agricultural technicians to conduct spray drift tests using
wind tunnels, as the construction costs of such facilities are
prohibitively high. This new method can serve as a powerful
supplement, providing methodological guidance for farmers or
agricultural technicians who face difficulty in conducting wind
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tunnel tests, helping them to make reasonable selections of nozzles.
In this work, the nozzles we selected are limited. Subsequently,
more experiments will be carried out using a variety of different
types of nozzles to further verify the applicability of evaluating the
drift potential reduction performance of nozzles based on the
droplet size spectrum.
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