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Development and implementation of a
laboratory spray device and rainfall simulator
for retention research using small amounts of
agroformulations
Ingrid KA Zwertvaegher,a Inge Van Daele,b Peter Verheesen,b

Marnix Peferoenb and David Nuyttensa*

BACKGROUND: Rainfall greatly affects the retention of foliar-applied agroformulations. Improving their resistance to wash-off
is therefore of great importance in spray applications. When developing such formulations, small-scale laboratory assays are
generally required. A set-up for retention studies using only small amounts of agroformulations (<0.5 L) was developed. The
set-up consists of a spray device and a rainfall simulator. The effect of rain quantity (1, 3, 6 mm) on the spray retention of
agroformulations was evaluated using this set-up.

RESULTS: The data showed that uniform and repeatable spraying was achieved with the small-scale spray device (coefficient
of variation 23.4%) on potato pot plants (Solanum tuberosum L.). Rain quantity significantly affected the spray retention.
Approximately 40% of the initial deposition was lost after 1 mm of rain at an intensity of 25 mm h−1. Additional losses decreased
with increasing volumes of rain (65 and 80% loss after 3 and 6 mm of rain respectively).

CONCLUSION: Future studies could implement the set-up to evaluate the effect of different rainfall characteristics and
formulations on spray retention in order to improve the rainfastness of agroformulations.
© 2016 Society of Chemical Industry
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1 INTRODUCTION
Following spray application, the efficacy of agroformulations is
determined by their ability to withstand rain, dew, UV radiation,
temperature and wind.1 Of all these factors, rainfall has been
reported to have the greatest effect upon the residual activity of
foliar-applied formulations.2 Rainfall may affect the activity of a
deposit by dilution, redistribution, physical removal and extrac-
tion from the plant tissue.3 As poor retention may lead to loss of
product, resulting in economic losses, environmental contamina-
tion and reduced biological efficacy,4,5 improving the resistance to
wash-off is of great importance in spray applications. When devel-
oping agroformulations with improved rainfastness, small-scale
assays using only small amounts of agroformulations under con-
trolled laboratory conditions and simulating field conditions are
generally required.

Natural rainfall events are characterised by high spatial and
temporal variation.6,7 In addition, the random nature of occur-
rence and the characteristics of natural rainfall complicate exper-
iments and interpretation of results.8 Consequently, rainfall sim-
ulators have been designed as research tools to apply water in
forms similar to natural rainfall events.9 Their major advantages are
the ability to eliminate the dependency of natural rainfall events
and to perform studies under controlled and adaptable condi-
tions, thus making it possible to repeat experiments within a short
time period and enhancing the transferability of the research.8 – 10

Rainfall simulators are widely used for numerous soil, agricul-
tural and environmental studies, both under field and laboratory
conditions.11 – 14 Nevertheless, owing to difficulties in reproduc-
ing natural rainfall characteristics, such as droplet size distributions
and intensity fluctuations, they do not eliminate the need for nat-
ural rainfall experiments.9

A wide range of rainfall simulators that differ in design and
characteristics to meet different research goals are used in such
studies. The most desirable features of rainfall simulators were
listed by Hignett et al.15 These include (a) accurate reproduction
of natural rain droplet sizes and energies, (b) nearly continuous,
uniform application over a large area (∼1 m2), (c) the ability to
apply rainfall of varying durations and intensities of interest and
(d) portability and low cost.

In general, two main types of rainfall simulator can be distin-
guished: (a) simulators where droplets form and fall from a needle
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Figure 1. (A) Schematic overview and (B) close-up of the small-scale spray device: 1 – compressed air tank; 2 – pressure regulator; 3 – pressure gauge;
4 – 0.3 L spray liquid tank; 5 – e-ChemSaver; 6 – band spray nozzle.

tip, starting at near-zero velocity, and (b) simulators of the spraying
nozzle type. Tips produce only one droplet size or a narrow range
of droplet sizes, whereas nozzles produce a wide range of droplet
sizes, as do rainfall events. However, the large nozzle orifices that
are needed to obtain large droplets usually require that the noz-
zles spray only intermittently to reduce application rates to typical
rain intensities.9

In the present study we aimed 1 to develop a spray device rep-
resentative of actual field applications that requires only small
amounts of agroformulations (<0.5 L), Y to develop a rainfall sim-
ulator that simulates natural rainfall events and 3 to implement
them to perform retention studies under laboratory conditions to
evaluate the effect of rain quantity on spray retention of agrofor-
mulations.

2 DESIGN OF A SMALL-SCALE SPRAY DEVICE
The design of the small-scale spray device is based on a band spray
nozzle connected to a small pressurised liquid tank and mounted
on a boom spraying downwards as in horizontal spray booms. An
overview of the device is given in Fig. 1. The spray device con-
sists of a compressed air tank (VZS-10-B; Festo, Esslingen, Ger-
many) connected to a pressure regulator, a pressure gauge, a
spray liquid tank of 0.3 L (Edecon-van der Meer, Wieringerwerf,
The Netherlands) and one individual band spray nozzle with an
e-ChemSaver shutoff valve (TeeJet® QJP19011-NYB; TeeJet Tech-
nologies, Wheaton, IL). A band spray nozzle was chosen because
this type of nozzle provides even coverage without overlap of adja-
cent nozzles to obtain a uniform distribution and overspray is min-
imised (Lechler Inc., http://www.lechlerusa.com; Spraying Systems
Co., http://www.teejet.com). The e-ChemSaver is used for remote
control of the start and stop position of spraying and is powered
by a lead acid battery (12 V, 24 Ah). To reduce spray losses and the
residual volume, the length of the tube connecting the spray liquid
tank and the nozzle is kept to a minimum (0.65 m). All components
are mounted on a fully automated spray track. The latter comprises
a self-propelled aluminium frame (2.0 m wide× 4.0 m long× 3.5 m
high) with a horizontal boom that can be positioned at different
heights.16

3 DEVELOPMENT OF A RAINFALL
SIMULATOR
The developed rainfall simulator is a nozzle-type simulator with a
horizontal spray boom that moves laterally across the plot and that

is equipped with downward-spraying nozzles, comparable with
the designs of Meyer an McCune17 and Kromer et al.18

The horizontal spray boom is mounted on the same
self-propelled aluminium frame as the small-scale spray device
and can also be positioned at different heights, as described
above. The spray boom (2.65 m) is equipped with six nozzles
distanced 0.5 m apart and is connected to a greenhouse spray unit
(Delvano, Harelbeke, Belgium) equipped with a spray tank with a
maximum volume of 200 L, a motor-driven diaphragm pump (AR
813; Annovi Reverberi, Modena, Italy) and a pressure regulator
(VDR50; Annovi Reverberi, Modena, Italy).

In order to produce droplets with size and velocity charac-
teristics similar to natural rain droplets, the optimum nozzle–
pressure–height combination was selected. Natural rain droplets
generally range in size from 0.5 mm to about 6 mm diameter.
Beyond this size, fluid flow around falling droplets overwhelms
the cohesion of surface tension and droplets tend to break up,
although larger droplets up to 10 mm have been reported.19 Below
0.5 mm the precipitation is referred to as ‘drizzle’.20 In general,
rain droplets reach the canopy at terminal velocity, vt(D). Terminal
velocity is closely related to droplet diameter.21 Owing to the larger
mass-to-drag ratio, larger droplets fall faster than smaller ones. Dif-
ferent authors have reported on their determination of the termi-
nal velocity of falling rain droplets.22 – 25 In this study we employed
the straightforward equation used by Fox,25 i.e. equation 3, which
has been shown to be reasonably accurate across the range of
droplet diameters.

The droplet size and velocity characteristics of five different
high-volume spray nozzles (Table 1) were determined at The Insti-
tute for Agricultural and Fisheries Research (ILVO, Belgium) using
a phase Doppler particle analyser (PDPA)-laser-based measuring
set-up, as described by Nuyttens et al.26 The PDPA laser used was
an Aerometrics PDPA one-dimensional system (TSI, Minneapolis,
MN). When a droplet passed through a small sampling volume,
formed by two intersecting laser beams, light scattered by refrac-
tion. From the light scattering characteristics, droplet sizes and
velocities were obtained. All measurements were performed at
200 kPa and at a distance of 0.5 m below the nozzle. Rectangu-
lar scan profiles were used. All measurements were carried out
along the horizontal axis of the spray cloud. Based on the diam-
eter and velocity of each droplet measured with the PDPA laser,
the volumetric median diameter (VMD), vvol50 and the volumet-
ric median kinetic energy (VMEk) were determined per nozzle. The
VMD is the droplet diameter below which smaller droplets consti-
tute 50% of the total volume. Similarly, vvol50 is the vertical droplet
velocity below which slower droplets constitute 50% of the total
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Table 1. Nominal flow rate and characteristics of droplets (VMD, vvol50 and VMEk) produced with different nozzles at 200 kPa and 0.5 m spray height
and characteristics of rain droplets with equal kinetic energy (diameter and velocity)

Nozzle
Nominal flow
rate (L min−1) VMD (mm) vvol50 (m s−1) VMEk (J)

Rain droplet
diameter (mm)

Rain droplet
velocity (m s−1)

TeeJetaAIb110 08 VSc 2.58 0.526 5.17 1.08E-06 0.752 3.12
TeeJet TTIb110 06 VPd 1.94 0.519 3.10 3.82E-07 0.592 2.66
TeeJet XRe110 08 VS 2.58 0.319 6.18 2.81E-07 0.551 2.54
TeeJet TTf 110 08 VP 2.58 0.343 3.32 1.23E-07 0.456 2.23
TeeJet TFf 04 VS 2.57 0.331 2.93 7.73E-08 0.410 2.08

a TeeJet Technologies, Wheaton, IL.
b Air-induction flat-fan nozzle.
c Stainless steel with VisiFlo® colour coding.40

d Polymer with VisiFlo® colour coding.40

e Extended-range flat-fan nozzle.
f Wide-angle flat-fan nozzle.

volume, and VMEk is the kinetic energy below which fewer ener-
getic droplets constitute 50% of the total volume. The diameter, D,
and terminal velocity, vt(D), of rain droplets corresponding to VMEk

were also calculated using the equation

VMEk =
1
2

mvt (D)
2 (1)

where
m = 𝜋

6
𝜌D3 (2)

vt (D) = 3.78D0.67 (3)

The cumulative volumetric droplet size, velocity and kinetic
energy distributions of the different nozzles determined using
the PDPA-laser-based measuring set-up are presented in Fig. 2.
An overview of the characteristics of the droplets (VMD, vvol50

and VMKk) produced with the nozzles at a spray pressure of
200 kPa and a spray height of 0.5 m, as well as the character-
istics of the corresponding rain droplets, is given in Table 1.
The PDPA measurements indicate that the air-induction noz-
zle AI 110 08 VS generated the coarsest droplet size spectrum
(VMD= 0.526 mm) with a high volumetric median droplet veloc-
ity (vvol50 = 5.17 m s−1) and the highest volumetric median kinetic
energy VMKk = 1.08E-06 J) of all the tested nozzles. The kinetic
energy of the volumetric median droplets produced by this noz-
zle corresponded to rain droplets with a diameter of 0.752 mm
and a corresponding velocity of 3.12 m s−1. The air-induction
nozzle TTI 110 06 VP also gave an extremely coarse droplet
size spectrum (VMD= 0.519 mm), whereas the volumetric median
droplet velocity was considerably slower (vvol50 = 3.10 m s−1) com-
pared with that of AI 110 08 VS. As a result, the kinetic energy
of the volumetric median droplets produced by TTI 110 06 VP
was lower (VMEk = 3.82E-07 J) and corresponded to rain droplets
of 0.592 mm diameter and 2.66 m s−1 terminal velocity. The XR
110 08 VS nozzle generated volumetric median droplets with
similar kinetic energy (VMEk = 2.81E-07 J) and thus correspond-
ing rain droplet characteristics (D= 0.551 mm, vt(D)= 2.54 m s−1),
although the spray droplets were finer (VMD= 0.319 mm) but
faster (vvol50 = 6.18 m s−1). Finer spray qualities were also obtained
with TT 110 08 VP and TF 04 VS (VMD= 0.343 and 0.331 mm
respectively). Those nozzles had lower volumetric median droplet
velocities as well (vvol50 = 3.32 and 2.93 m s−1 respectively), lead-
ing to volumetric median kinetic energies (VMEk = 1.23E-07 and

7.73E-08 J respectively) that resembled rain droplets below 0.5 mm
diameter, i.e. drizzle. Based on the droplet size and velocity charac-
teristics, the AI 110 08 VS nozzle spraying at a spray pressure of 200
kPa and 0.5 m spray height was selected for the rainfall simulator
to simulate natural rain.

Figure 2C illustrates the range of kinetic energies that can be
generated with this nozzle. The characteristics of the rain droplets
corresponding to the kinetic energies of the volumetric 10th, 25th,
75th and 90th percentiles are diameters of 0.263, 0.472, 0.969
and 1.117 mm and velocities of 1.55, 2.29, 3.70 and 4.07 m s−1

respectively. The rainfall simulator is thus capable of producing a
range of droplets with various sizes, velocities and kinetic energies,
as does natural rain.

To ensure minimal variation in the rainfall simulator, nozzle flow
rate measurements of six selected AI 110 08 VS spray nozzles
were performed by the accredited Spray Technology Lab of ILVO
according to ISO 5682–1:1996.27 A maximum deviation of 2.5%
was allowed compared with the prescribed nominal flow rate. In
addition, the spray distribution of the set of six nozzles selected
for use in the rainfall simulator was determined according to
ISO 5682–2:1997.28 This was done at the same lab using a spray
scanner. The spray scanner consisted of a stationary boom on
which the six nozzles were mounted 0.5 m apart in a random order
and a receiver-unit with 0.1 m wide grooves that collected the
liquid sprayed with the nozzle set during a known time interval.
Measurements were performed at a spray pressure of 200 kPa
and a spray height of 0.5 m and were repeated 4 times. The
average flow rates per groove are presented in Fig. 3. A low
coefficient of variation (CV) was found over the nozzle set (4.4%),
and average flow rates over the grooves never differed by more
than 0.1 L min−1, suggesting a uniform rainfall distribution with
this set-up, which was then applied to the rainfall simulator.

4 IMPLEMENTATION OF THE SPRAY DEVICE
AND RAINFALL SIMULATOR IN RETENTION
TESTS
The developed spray device and rainfall simulator were employed
in this study to determine wash-off curves of encapsulated active
ingredients (AIs). Therefore, a 70 mL spray solution of poly-L-lysine
microcapsules (4.1 μm diameter) containing a fluorescent tracer

Uvitex® OB (concentration 1.7%, prepared as weight by volume) in
a phosphate-buffered saline Tween 20 buffer was prepared. Spray
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Figure 2. Cumulative volumetric droplet size (A), velocity (B) and kinetic energy (C) distribution for different nozzles at 200 kPa and 0.5 m spray height: –
TeeJet AI 110 08; −− - TeeJet TTI 110 06; · · · TeeJet TT 110 08; − • – • – TeeJet XR 110 08; − − - Teejet TF 04.

Figure 3. Stationary spray distribution pattern of the rainfall simulator, i.e. six TeeJet AI 110 08 VS nozzles distanced 0.5 m apart and spraying at 200 kPa
and 0.5 m spray height.

applications were performed using the small-scale spray device
equipped with one TeeJet AI 95 02 EVS air-induction band spray
nozzle located 0.28 m above the plants and spraying at 500 kPa.
Preliminary spray distribution measurements with a horizontal
patternator indicated that these settings gave a uniform distribu-
tion over a 0.5 m range (CV= 7%) with minimal spray losses outside

this range (11%). Prior to the spray distribution and retention tests,
the nozzle flow rate was determined as described above and was
within the allowed range of the prescribed nominal flow rate. Spray
applications were made at a driving speed of 3.64 km h−1, resulting
in an application rate of 300 L ha−1 or 200 g AI ha−1 (targeted con-
centration of 0.66 g AI L−1). An overview of the experimental set-up

wileyonlinelibrary.com/journal/ps © 2016 Society of Chemical Industry Pest Manag Sci 2017; 73: 123–129
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Figure 4. Schematic overview of the experimental spray set-up with two potato pot plants (Solanum tuberosum) placed within the area of interest (0.5 m
wide× 1.5 m long) and indication of the start and stop position of spraying (0.75 m before and 0.5 m after the area of interest respectively).

is given in Fig. 4. Within the area of interest (0.5 m wide× 1.5 m
long), two outside-grown potato pot plants (Solanum tuberosum
L.), cv. Desirée, were placed behind each other in the direction
of the moving spray boom approximately 0.25 m apart in the
middle of the spray swath. Spraying was controlled remotely and
started 0.75 m before and stopped 0.5 m after the area of interest.
Visual assessment of water-sensitive papers in a preliminary test
had indicated that these spray distances relative to the area of
interest made it possible to attain a stable spray fan over the area
of interest, thus generating uniform coverage over it using mini-
mal amounts of spray liquid. At an application rate of 300 L ha−1,
approximately 41.3 mL is needed to spray the zone of application.

After spraying, the plants were allowed to dry for 1 h (t = 20 ∘C,
RH= 68± 3%). Then, rainfall was simulated using the rainfall sim-
ulator. Tap water was applied at a driving speed of 3.10 km h−1,
resulting in a rainfall application of 0.1 L m−2 or 0.1 mm m−2 per
passage of the rainfall simulator over the plants. Per plant, three
leaves of the upper layer of the plants were sampled after 0 mm
(initial deposition, sprayed but not rain exposed) and 1, 3 and 6 mm
of rain (corresponding to 0, 10, 30 and 60 passages respectively)
applied at an intensity of approximately 25 mm h−1. The duration
of rainfall thus varied to supply the desired rain quantities. The
intensity was determined by counting the number of passages of
the rainfall simulator over a distance of 7 m during a 10 min inter-
val and extrapolating to the area to which rain was applied during
the retention test.

The leaves were then left to dry for 1 h. Per rain condition, two
repetitions were performed. For every repetition, new plants were
used. Of each sampled leaf, a maximum of three 16 mm punches
were taken and placed with the adaxial side of the punches
upwards in 24-well multiwell plates (BD Falcon™ 353047).

The punches were subsequently analysed by macroscopy for
retention determination. Images of the punches were taken using
a fluorescent Nikon AZ100 microscope (objective 0.5×, zoom 1.2,
exposure 300 ms and gain 2.2) and analysed with the image

analysis software Volocity® (PerkinElmer, Inc., Waltham, MA). In
total, 134 punches were analysed.

Statistical analyses were performed using IBM SPSS Statistics 21
(2012; SPSS Inc., IBM Corporation, New York, NY). Data were tested
for normality using the Shapiro–Wilk test, and visual assessment
was made of the Q–Q plots for the whole dataset as for the ini-
tial deposition (0 mm) separately. No adequate transformation that

Figure 5. Spray retention (in counts per punch) at different rain quantities
(mean± SD, median). Different lower-case letters denote statistical signifi-
cance at P < 0.05.

resulted in a normal distribution was found for the whole dataset,
whereas no transformation was required for the initial deposi-
tion. Consequently, non-parametric Kruskal–Wallis tests were per-
formed on the absolute retentions and the relative retentions, i.e.
the percentage of the initial deposition remaining, to determine
the effect of rain quantity. Statistical significance was considered
to exist when P < 0.05. Data were reported as median values for
non-normally distributed statistics purposes, and as means with
standard deviations for completeness. In addition, the CV was
determined for the initial deposition and was found to be relatively
low for spray applications (23.4%), indicating uniform and repeat-
able spraying of the small-scale spray device.

The absolute and relative spray retentions are presented in Figs 5
and 6 respectively. The mean and median of the initial deposition
were fairly similar (Fig. 5), also indicating a uniform and repeatable
spray deposition applied with the small-scale spray device.

Both absolute (Fig. 5) and relative (Fig. 6) spray retentions sig-
nificantly decreased with increasing rain quantity, except for the
absolute retentions from 3 to 6 mm rain. The difference in sig-
nificance between the absolute and relative retention is most
likely due to the difference in the number of data (n= 134 ver-
sus 100). Considerable wash-off was recorded after only a few
millimetres of rain. After 1 mm of rain, approximately 40% of the
initial deposition was lost in our study. With increasing volumes of
rain, the additional losses decreased. Losses were respectively 65
and 80% after 3 and 6 mm of rain. A large fraction of the capsules
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Figure 6. Spray retention (in %) relative to the initial deposition (0 mm) at
different rain quantities (mean± SD, median). Different lower-case letters
denote statistical significance at P < 0.05.

was thus removed by a small volume of rain, whereas the remain-
ing deposits were more difficult to remove with more rain. A hyper-
bolic curve in deposit removal was also observed in chlorothalonil
wash-off from greenhouse-grown potato pot plants,29 captan
wash-off from apple seedlings,30 fenvalerate wash-off from cot-
ton plants,31 chlorothalonil wash-off from tomato plants32 and
mancozeb wash-off from apple seedlings.2 A similar wash-off pat-
tern was reported by Knight et al.33 for microencapsulated sex
pheromones. Those authors found approximately 45, 80 and 90%
loss of the initial deposition of microcapsules on the adaxial side of
apple leaves after 3, 15 and 45 min of simulated rain at an intensity
of 66 mm h−1, i.e. after 3, 15 and 45 mm rain respectively. Fife and
Nokes32 suggest for fungicide that the rain-resistant AI was most
probably captured in the leaf matrix and was therefore not easily
dislodged by additional rain.

Besides rain quantity, other factors such as drying time and
rainfall intensity have also been reported to affect the extent of
wash-off. For example, Decaro et al.34 recently found that drying
times of 1 and 6 h generally resulted in lower deposits after 10 mm
of rain compared with 12 and 24 h, although not always significant,
in a study on several pesticides with and without adjuvants on cit-
rus seedlings. The biological efficacy of two fungicides for control
of Phytophtora infestans in potato was not negatively affected by
drying times of 4–6 days, but at a drying time of 4 h the effect
differed according to the fungicide.35 With higher rain intensi-
ties, Hunsche et al.2 found greater AI wash-off, whereas McDowell
et al.31 reported that fenvalerate concentration in wash-off from
cotton plants was independent of rain intensities at 7, 13, 26 and
51 mm h−1. Future studies could implement the small-scale spray
device and the rainfall simulator to evaluate the effect of these
and other factors, including different spray formulations of encap-
sulated AIs, on spray retention. However, the performance of the
presented rainfall simulator in generating realistic rainfall charac-
teristics and thus a realistic rain effect should first be validated in
further experiments by comparison with other described types of
simulator and with natural rain. Among others, the effect of air
inclusions in the droplets produced by the air-induction nozzles
in the rainfall simulator should be examined, as rain droplets do
not have air inclusions. These air inclusions are known to mod-
ify droplet impact behaviour, such as rebound and shatter.36,37

With water alone, the proportion of air included in the spray
is nevertheless very limited, even with air induction-nozzles.37

Furthermore, water-only droplets are assumed to lose their air
inclusions by 0.2 m below the nozzle.38 Therefore, the kinetic
energy of tap water was calculated in this study without correct-
ing for possible air inclusions of the droplets produced with the

air-induction nozzle. Future studies should determine whether
the kinetic energy of the spray droplets approaches that of rain
droplets, as for example done by Ge et al.,39 and whether kinetic
energy is the rain droplet characteristic that should be aimed to
be reproduced to achieve realistic rainfall.

5 CONCLUSION
A set-up for retention studies using only small amounts of agrofor-
mulations has been developed and implemented. The set-up con-
sists of a spray device capable of performing low-volume (<0.5 L),
uniform and repeatable spray applications and a rainfall simulator
that produces droplets with characteristics similar to natural rain
droplets. Using this set-up, rain quantity was shown to have a con-
siderable effect on spray retention, with large losses after a small
volume of rain and declining losses with more rain. Because the
set-up makes it possible to gather information under controlled
and adaptable conditions, it also makes it possible to study vari-
ous other factors influencing rainfastness, such as rain characteris-
tics (intensity, droplet size), as well as other factors (formulation,
presence of stickers, water solubility of the AI, capsule size, dry-
ing time, plant variety). Different rain intensities, for example, can
be achieved by changing the number of nozzles that spray dur-
ing the passages across the plot or by varying the speed of the
spray boom movement and the interval between movements. Dif-
ferent droplet size characteristics can be achieved using differ-
ent nozzle types and spray pressures. Of course, the small-scale
spray device and rainfall simulator can also be used separately
for other purposes than retention studies, for example erosion
studies. Although both set-ups presented in this study were fixed,
the same designs could easily be implemented in a transportable
set-up, which would allow field experiments.
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