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Summary

As an alternative to the predominantly-used handheld equipment in greenhouses such as 
spray guns, spray boom systems might substantially improve spray application. This study 
presents a spray cabin prototype to spray ornamental pot plants moving on a conveyor belt. 
Seven different spray configurations were examined for optimal spray deposition in two 
crops (azalea and ivy) using mineral chelate tracers. The tests showed that the prototype 
can satisfactory spray pot plants up to a height of 25 cm. Best spray depositions were found 
with two flat fan nozzles oriented 35° upward, spraying at 1.0 bar and an application rate 
of 1047 L ha-1. This configuration increased depositions on the underside of the leaves and 
in the middle canopy compared to the other configurations. The results suggest that spray 
settings could further be improved and future studies should include bio-efficacy trials to 
verify the most optimal settings compared to traditionally used applications.
  
Key words: Spray cabin, spray deposition, nozzle type, ornamental pot plants, greenhouse, 
crop protection, integrated pest management

Introduction

Previous studies showed that in Belgium as well as in other regions of the world, most greenhouse 
growers still use traditional low-technology handheld equipment, such as spray guns and lances, at 
high application rates and spray pressures to apply Plant Protection Products (PPPs) (Balsari et al., 
2010; Foqué et al., 2012a; Sánchez-Hermosilla et al., 2012, 2013), usually until run-off (Braekman 
et al., 2009; Zhu et al., 2011). Generally, these high application rates also result in excessive use 
of PPPs. Despite the low cost, flexibility, simple maintenance and adequacy to control localised 
problems of the traditional spray application techniques (Sánchez-Hermosilla et al., 2012), they 
are known for their heavy workload, inferior spray distribution, high operator exposure risks 
(Nuyttens et al., 2004a, 2009; Ramos et al., 2010), and large off-target depositions and losses to 
the ground (Sánchez-Hermosilla et al., 2012). In contrast, several studies have demonstrated that 
spray booms can improve coverage to the underside of the leaf and spray distribution in general 
and can furthermore reduce labour cost and operator exposure compared to traditional techniques 
(Langenakens et al., 2002; Llop et al., 2015; Nuyttens et al., 2009; Sánchez-Hermosilla et al., 2012).
This study addresses the development of a spray cabin prototype to spray ornamental pot plants 

moving on a conveyor belt and compares different spray configurations in two different crops, 
azalea and ivy. Spraying pot plants while they are moving on a conveyor belt could significantly 
reduce labour costs and improve spray results because the plants are singled out and sprays can be 
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applied in different directions to the individual plants. In addition, an enclosed spray cabin would 
allow for the collection and recirculation of spray losses and reduces spray drift, thus minimising 
off-target deposition and exposure of workers, bystanders and non-targets.

Materials and Methods
 

Spray cabin
A spray cabin prototype was built around a conveyor belt and consisted of a three-nozzle band 

spray set (TeeJet® 23770) mounted in a plexiglass tunnel (69 cm wide × 160 cm high × 140 
cm long) to prevent spray leaving the treatment area. Sprays were generated using a standard 
trolleysprayer with an electrical pump system (Agrodrip, Viersel, Belgium) and equipped with a 
separate pressure gauge for accurate pressure setting. The conveyor belt (15.6 cm wide × 600 cm 
long, Wevab Excellent-pro, Willems Engineering, Destelbergen, Belgium) consisted of a single 
driver unit, equipped with an electrical propulsion system.

Spray application techniques
  The spray depositions of seven different spray configurations (Table 1) were studied to evaluate 

the effect of nozzle configuration, spray pressure and application rate. The set ups included either 
one top nozzle, two lateral nozzles or a combination of both and were mounted on the band spray 
set of the spray cabin, spraying at 1.0 or 4.0 bar pressure. The three-nozzle band spray configuration

Table 1. Overview of tested spray configurations

Nr. Mineral 
chelate

Nozzle 
position Nozzle type Pressure

(bar)
Flow rate
(L min-1)

Band 
application 
rate (L ha-1)

Application 
volume 

(mL plant-1)
1. Fe Top TP 80 0050E 1.0 0.12 517 2.41

Left - - -
Right - - -

2. Zn Top - - - 1047 4.88
Left TP 110 0050E 1.0 0.12

Right TP 110 0050E 1.0 0.12
3. Co Top TP 80 0050E 1.0 0.12 1563 7.30

Left TP 110 0050E 1.0 0.12
Right TP 110 0050E 1.0 0.12

4. Mo Top TP 80 0050E 4.0 0.23 1015 4.74
Left - - -

Right - - -
5. Mn Top - - - 2034 9.49

Left TP 110 0050E 4.0 0.23
Right TP 110 0050E 4.0 0.23

6. B Top TP 80 0050E 4.0 0.23 3048 14.27
Left TP 110 0050E 4.0 0.23

Right TP 110 0050E 4.0 0.23
7. Cu Top - - - 2048 9.56

Left XR 110 01 1.0 0.23
Right XR 110 01 1.0 0.23
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had a top nozzle with a spray angle of 80° at 38 cm above the conveyor belt and two lateral nozzles 
with a spray angle of 110° and an upward orientation of 35° at 11 cm above the conveyor belt. The 
conveyor belt moved at a forward speed of 0.39 km h-1. For a spray width of the band spray set of 
35 cm (35 cm between the two lateral nozzles) the forward speed and nozzle flow rates resulted 
in band spray application rates (for a 35 cm band width) ranging from 517 L ha-1 up to 3048 L ha-1

 
corresponding with 2.4 mL to 14.3 mL of spray liquid per plant.

Experimental set-up
A schematic overview of the experimental set-up is given in Fig. 1. Deposition tests were performed 

on azalea and ivy pot plants. Eight pot plants per crop type, (average plant height, including the pot 
height, and plant diameter of c. 25 and 20 cm, respectively) were sprayed as they passed through 
the spray cabin at a density of 7.5 plants per meter. The spray distance from the top nozzle to the 
canopy was about 13 cm. Spray deposition was measured using filter paper collectors (FPC, 5.6 
cm × 2.6 cm, Schleicher & Schuell, type 751, Filter Service NV, Eupen, Belgium) attached to the 
plants by small paper clips as described by Foqué et al. (2014b). For each plant, six collectors were 
equally distributed between three zones, i.e. the upper canopy, the middle canopy and soil surface. 
In the upper and middle canopy, one collector was placed on the upper side of a leaf and one on 
the underside of a different leaf. In azalea, those leaves were artificially enlarged by attaching 
plastic slightly larger than the FPC (5.8 cm × 3.3 cm) between the FPC and the leaf to allow the 
use of FPC of the same size as for ivy crop and to limit the effect of run-off along the edges on the 
underside of the leaf. The two remaining collectors were placed at the bottom of the plants. One 
was attached to the plant’s stem, perpendicular to the soil but without touching it, the other was 
placed on a small Petri dish, parallel to the soil. These ground level collectors were used to assess 
run-off. In addition, three FPC were placed on the conveyor belt between the pots to measure off-
target spray deposition (Fig. 1). These off-target collectors were attached to small stainless steel 
supports with a plexiglass cover to avoid cross-contamination.

Fig. 1. Schematic overview of the experimental set-up. 

Deposition measurements
Within each crop type, the same FPC were used at the same locations for the seven different spray 

events, but per event a different mineral chelate (Fe, Zn, Co, Mo, Mn, B and Cu, Chelal®, BMS 
Micro-Nutrients NV, Bornem, Belgium) was applied. These chelates are commercially available 
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as horticultural leaf fertilisers. The multiple mineral chelate tracer method was used successfully 
in previous comparative studies (Braekman et al., 2009, 2010; Foqué et al., 2014b; Nuyttens et 
al., 2004b) and its accuracy was evaluated by Foqué et al. (2014a). The plants and collectors were 
allowed to dry completely between successive applications. The targeted concentration of each 
chelate solution in the tank was 1.0 g L-1. The tank concentration and recovery were taken into 
account by taking tank samples at the nozzles after each spray event and by pipetting 200 µL on 
four FPC, each in a separate Petri dish. Similar, 200 µL of tap water was added to four FPC to 
correct for possible background concentrations in, for example, the tap water used to prepare the 
spray solutions. 
After spraying once with all seven spray configurations, all FPC were gathered and analysed 

using Inductively Coupled Plasma (ICP) analysis (VISTA-PRO, Varian, Palo Alto, CA, USA) 
after extraction in 20 mL 0.16 M nitric acid (HNO3) (66+%, p.a., Acros Organics, Geel, Belgium).
The spray deposition (L ha-1) on every collector was calculated taking into account the actual tank 

concentration, the quantity of 0.16 M nitric acid (HNO3) used for extraction, and the analysis of 
the blank samples with a detection limit of about 1.0 L ha-1, as described by Foqué et al. (2014a). 
As different band spray application rates were used, as described in Table 1, the spray deposition 
results were recalculated as a percentage of the applied band application rate. This is presented as 
relative spray depositions (%) and illustrates better the spray efficiency of different configurations 
independent of the different application rates.
  

Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics 20 (SPSS Inc. 2011, IBM 

Corporation, New York, USA). Data were tested for normality using Kolmogorov-Smirnov test 
and by visual assessment of the Q-Q plots. No adequate transformation that resulted in a normally 
distributed dataset was found. Consequently, non-parametric Kruskal-Wallis tests were performed 
per crop type for the different spray configurations and the different collector positions to determine 
the effect of the different collector positions and spray configurations on spray deposition, 
respectively. Statistical significance was considered when P < 0.05.

Results and Discussion

Effect of collector position
The relative spray depositions for the different spray configurations at the different collector 

positions are presented in Fig. 2A for azalea and in Fig. 2B for ivy. In general, a large variation 
in deposition within collector positions within configurations was found in both crops, owing to 
the small number of replicates, natural variation in plant architecture and location of collectors.
Within azalea, relative depositions (Fig. 2A) were generally largest at the stem (position 5), 

indicating that run-off was rather high for all configurations. In contrast, lowest depositions were 
found at the soil (position 6) and off-target. High run-off along the stem did not result in high soil 
depositions because the collectors were placed on a Petri dish. Generally, the depositions at the 
soil and off-target did not significantly differ from those at the leaf collectors (data not shown), 
most likely due to the large variation within collector positions within configurations rather than 
high losses or low spray efficiency. On average more spray was deposited on the upper side of the 
leaves than the underside (position 1 vs 2, and 3 vs 4), except for configurations with two nozzles 
aimed at leaves in the upper canopy (position 1 vs 2), although differences in mean spray deposition 
rank were never significant (data not shown). Furthermore, the upper canopy received in general 
more, but not significantly different amounts of spray compared to the middle canopy (position 1 
vs 3, and 2 vs 4) apart from the two-nozzle configurations that deposited more at the upper side of 
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Fig. 2. Relative spray deposition (in %) at different collector positions (mean ± SD, median) for the 
different spray configurations in (A) azalea and (B) ivy; 1 = upper layer, upper side of leaves, 2 = upper 
layer, underside of leaves, 3 = middle layer, upper side of leaves, 4 = middle layer, underside of leaves, 5 = 
ground level, attached to stem, 6 = ground level, horizontal to soil. Different superscripts within the same 
collector position denote statistical significance between spray configurations at P < 0.05.
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the leaves at the middle canopy compared to the upper canopy (position 3 vs 1), although again 
not significantly different.
In ivy, run-off was not as pronounced compared to azalea (Fig. 2B), while depositions at the soil 

(position 6) and off-target were considerably larger. These high depositions may be the result of 
direct losses due to run-off when a leaf or runner passed close to a nozzle or some direct spray 
deposition. However, these depositions did not significantly differ from each other, nor from those at 
the crop collectors, suggesting large variation in spray depositions, high losses, low spray efficiency 
like in azalea or a combination of the above. In general, average spray depositions over the crop 
collectors were not significantly different and more similar than in azalea, although comparable 
trends were observed i.e. higher depositions at the upper side of the leaves and at the upper layer 
except for the two lateral nozzle configurations and the three-nozzle (top + lateral) configuration at 
1.0 bar. This shows that, in general, a relatively uniform spray distribution in the ivy canopy was 
achieved with the different spray cabin configurations.

Effect of spray configuration
In azalea, configurations with two lateral nozzles generally resulted in higher relative spray 

depositions at the crop collectors (position 1 to 4), although generally not significant, compared 
to configurations with one central nozzle of the same type and size at the same spray pressure 
(configuration 2 vs 1, and 5 vs 4), except at the upper side of the leaves in the upper canopy (position 
1) (Fig. 2A). The depositions were considerably higher than might be expected based on merely 
doubling the spray application rate. This is also illustrated when comparing configuration 2 (2 x 
TP 110 0050E at 1.0 bar) and 4 (1 × TP 80 0050E at 4.0 bar); at similar application rates (± 1000 
L ha-1), the two-nozzle configuration resulted in higher depositions. Those higher depositions are 
most likely due to a distinctive better spray penetration capacity of the upward oriented, lateral 
nozzles, leading to higher depositions at the underside of the leaves and at the middle canopy. The 
shielding effect of the leaves, however, does not allow the upward directed spray to reach the upper 
side of the leaves of the upper canopy, whereas the central top nozzle easily achieves high levels 
of spray at this position but suffers from shielding effects to reach other positions.
In ivy, trends were largely similar as in azalea. Except at the upper side of the leaves in the upper 

canopy (position 1), relative depositions were higher at the crop collectors (position 2 to 4) for the 
configurations with two nozzles compared to those with one nozzle at 1.0 bar (configuration 2 vs 
1), whereas at 4.0 bar, relative depositions were sometimes lower (configuration 5 vs 4) although 
never significant.
Apart from the upper side of the leaves in the upper canopy (position 1), an increase from two 

to three nozzles, and consequent increase in application rate, decreased the relative depositions 
at 1.0 bar (configuration 2 vs 3) in azalea and ivy, probably due to saturation and subsequent run-
off. The spray originating from the top nozzle in the three-nozzle configuration may also collide 
with and counteract those from the lateral nozzles, thus contributing to decreased depositions. A 
similar increase in number of nozzles did not affect the relative deposition in both crops at 4.0 bar 
(configuration 5 vs 6) in the same way, albeit the application rates at that spray pressure were even 
larger and thus run-off was more likely. In addition, the counteracting forces would have been 
higher, indicating that the collision effects were limited or even helped to improve deposition, as 
suggested by Foqué et al. (2012b).
Notwithstanding, in both crops the relative depositions, and thus the deposition efficiency, were 

generally lower at 4.0 bar than at 1.0 bar (configuration 5 vs 2, and 6 vs 3). This may be due to the 
lower velocity, momentum and penetration capacity of the smaller droplets resulting from the use of 
a higher spray pressure (Braekman et al.,2010; Nuyttens et al., 2007). These findings demonstrate 
that higher spray pressures and application rates do not necessarily lead to better spray deposition. 
It is mainly the configuration of the nozzles that considerably determines spray deposition. 

As growers emphasize the importance of reaching the underside of the leaves, as well as 
penetration in the crop and uniformity of spray distribution for biological efficacy (Foqué et 
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al., 2014b; Foqué & Nuyttens, 2011), the configuration with two low volume nozzles at 1.0 bar 
(configuration 2) generally gave the best results in both azalea and ivy. However, the relatively 
high run-off and losses (position 5 and 6) suggest that the spray cabin settings can still be further 
optimised. Furthermore, by mounting a collection device and tank underneath the spray cabin, 
run-off could be collected, filtered and recycled, thus avoiding spray losses to the ground, reducing 
costs and further increasing spray efficiency.

Conclusions

  A new precision crop protection technology for ornamental pot plant production has been presented 
in this study. Using a spray cabin prototype equipped with a band spray set with two upward 
oriented flat fan nozzles resulted in good deposition at the underside of the leaves, crop penetration 
and uniform spray distribution. This technique might reduce the use of PPPs by more efficient 
spray application although more settings should be tested to further improve spray application. For 
example, low volume nozzles were selected to adjust for the low traveling speed of the pot plants 
on the conveyor belt without reaching excessively high spray volume. They do, however, have 
extremely small orifice sizes and thus produce a very fine spray. Small droplets are suspected to 
have lower penetration capacity and are more prone to evaporation and drift. Therefore, it seems 
important for improvements and practical use to focus on larger orifice or coarser spray nozzles 
in future in combination with increased conveyor belt speed. To determine the most appropriate 
spray application rate, settings should be tested within nozzle configurations at the same pressure 
and with the same nozzle sizes, and therefore only the speed of the conveyor belt should vary. In 
addition, comparison with traditionally used spray gun applications is desired and bio-efficacy 
trials are needed to verify the most optimal settings. 
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