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Summary

Reduction of environmental contamination and improvement of biological efficacy are 
the two main targets in the optimization of orchard sprayers. There are a wide variety of 
air assisted orchard sprayer designs and plant training systems that are currently in use 
around the world. Both the environmental and biological efficacy of any spray application 
process are the result of the complex interaction between these various spray flow patterns 
and tree architectures besides the environmental condition. Therefore, finding the optimal 
combination between these different designs and the various tree architectures should be 
the first step in any optimization analysis. To this end, three different designs of air assisted 
orchard sprayers are compared in this work for the apple classical training system using 
computational fluid dynamics. The sprayer that performed well in terms of its on and off 
target deposition and deposition uniformity was then further optimized using different 
nozzle types and arrangements.
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Introduction

Air-assisted orchard sprayers use air jets to carry pesticide droplets to the target canopy and to 
assist a uniform deposition of the pesticide droplets on the targeted surface by exposing all leaf 
surfaces to the spray. There exist important differences in air flow patterns and liquid distributions 
between different sprayers due to differences in the design of the air discharge unit (Dekeyser et 
al., 2013). Under optimal conditions, the orchard sprayer should supply sufficient airflow to carry 
the droplets onto the target without blowing the spray through the canopy. Spray quality is another 
important factor to be considered during sprayer optimization. Having smaller droplets implies 
that there are more droplets per unit of spray solution which could result in better coverage. At the 
same time the drift potential is increased as the average droplet size decreases. The foliage cover 
represents the largest surface area of the plant and is the main location on the tree to host pests. The 
distribution of this foliage cover varies among different species and training systems. Therefore, 
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adjustment of the operating conditions of sprayers based on canopy conditions plays an essential 
role to achieve uniform deposition on different canopy parts. 
In this contribution, the aim was to compare and optimize three trailed, air assisted orchard sprayers 

with PTO driven fans (an axial fan sprayer, a cross-flow sprayer and a sprayer with individual spouts. 
The sprayers were first compared in terms of their respective deposition quality (total deposition, 
canopy uniformity, ground deposition and off-target spray) on an apple classical training systems 
to determine the best suited sprayer for this training system under normal operating conditions. 
The selected sprayer was then optimized in terms of the optimization parameters to maximize its 
on-target deposition. The presented methodology allowed us to study different nozzles types and 
arrangements in a comprehensive way using well designed computer simulations.

Materials and Methods

To achieve these objectives, a computational fluid dynamics (CFD) model was developed using 
the methodology of Endalew et al. (2010) to predict the flow and deposition of pesticide sprays in 
orchards. This model solves the Unsteady Reynolds Averaged Navier-Stokes (URANS) momentum 
and k-ϵ turbulence equations using the unstructured finite volume method in ANSYS-CFX (ANSYS, 
Inc., Canonsburg, Pennsylvania, USA) for modeling the air flow from the sprayers. The Lagrangian 
particle tracking multiphase flow model was used to track the spray droplets. Three different 
designs of air-assisted orchard sprayers with PTO driven fans were used in the model. Each of these 
sprayers has a different air-blast system. The first sprayer (Condor V, Hardi, Taastrup, Denmark) has 
a single axial fan and a curved outlet design. The second sprayer design (DuoProp, BAB Bamps, 
Sint-Truiden, Belgium) was a cross flow sprayer with two axial fans and a rectangular outlet. The 
last sprayer (Tango, Hardi, Taastrup, Denmark) has a centrifugal fan and five individual air spouts, 
each of which are connected to the air outlet by flexible ducts.
The standard Albuz (Saint-Gobain Solcera, Évreux, France) ATR hollow cone nozzles (ATR Orange 

for Duoprop and CondorV and ATR Red for Tango sprayer) were used on all the three machines 
for the comparison analysis. These nozzles were then compared with the Albuz TVI drift reducing 
nozzles and a combination of the Albuz ATR and TVI nozzles for the optimization analysis on the 
selected sprayer. Air jet velocity distribution of the spraying machines and spray characteristics of 
the nozzles were measured previously (Dekeyser et al., 2013) and used in the model simulations. 
The characterization of the nozzles was done using a one-dimensional Phase Doppler Particle 
Analyser system (PDPA, Aerometrics) (Nuyttens et al., 2007). It is noted that the conventional 
Rosin Rammler fit for the TVI drift reducing nozzles does not meet the experimental distribution 
(Fig. 1). Hence, the measured size distributions were used for all the different nozzles types. In 
the CFD simulation, both the turbulent airflow and spray flow fields and their interaction with 
the trees in the orchard were calculated. A stochastic deposition model was developed to capture 
the droplet deposition on the leaves (Endalew et al., 2011). The 3-D architecture of the canopy 
was used to simulate the effects of the tree stem and branches on air, spray flow and deposition of 
droplets. The effect of leaves and other small parts that were not modeled in the tree architecture 
was modeled separately using closure models applied in a sub-domain created around the branches 
(Wilson & Shaw, 1977).
The simulation domain used for this analysis had a height of 9 m, a length of 3.7 m and different 

width depending on the outlet design of the sprayer simulated. A rectangular cross section, curved 
cross section and individual spouts respectively were used to represent the different outlet designs 
of the Duoprop, CondorV and Tango sprayers. The 3D architectures of three apple classical trees 
were put in a row to represent an actual canopy with an interplant spacing of 1.75 m. Only the 
right side of half of the sprayer was simulated. The ground and the surfaces of the tree branches 
were set as no slip rough walls with aerodynamic roughness length (yo = 5 mm) for the ground 
with negligible vegetation and an equivalent sand grain roughness height (ks = 6 mm) for the 
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surface of the trees based on a study by Endalew et al. (2009). The measured jet velocity profiles 
for the different sprayer types were imposed as a velocity inlet on the sprayer side of the domain. 
The remaining boundaries of the domain were set as pressure openings. All the simulations were 
done with zero wind. A step function that moves with time was used at the outlet slots to simulate 
the movement of the sprayers at the forward tractor speed of 1.67 m s-1. According to a study by 
Delele et al. (2005), a turbulent intensity of 30% and a length scale of 0.008 m were used for the 
turbulence of the sprayer jet. The air and spray flow profiles were validated in our previous work 
(Duga et al., 2013)

Fig. 1. Droplet size distribution for the Albuz ATR and TVI nozzles with Rossin-Rammler fits. 

Results and Discussion

Sprayer selection
The three sprayer designs were compared based on the deposition they render on the leaf, trunk 

and ground and their drift potential when used on the apple classical training system. The drift 
potential is the amount of spray that is still in the air after passing the trees and is highly susceptible 
to drift in the presence of wind. The on target deposition is the total sum of the spray deposited 
on the leaf and trunk whereas the off target deposition represents the spray that is still in the air 
and the spray deposited on the ground. As shown on Fig. 2, the Duoprop cross-flow sprayer gave 
the highest leaf deposition as a percentage of the total amount sprayed, followed by the Tango 
with individual spouts and the axial CondorV sprayer. Comparing the ground deposition and drift 
potentials, Duoprop has the largest ground deposition, most of which is deposited in front of the tree 
whereas Condor V has the largest drift potential. This is due to the difference in the outlet air flow 
patterns of the two sprayer designs. Condor V has a relatively strong and directed outlet airflow, 
which carried the spray further through the trees. It is important to note that the difference in drift 
potential between the machines is more pronounced than the difference in ground deposition. The 
coefficient of variation (CV) was also calculated to compare the deposition uniformity of these 
three sprayers. CV values of 48.7%, 69.6% and 74.8% were determined for Duoprop, CondorV and 
Tango, respectively. In general, Duoprop has the largest overall on-target deposition, the smallest 
drift potential and best deposition uniformity. Condor V has the smallest on-target deposition and 
the largest drift potential (Fig. 2). Tango has the lowest deposition uniformity and higher drift 
potential than Duoprop.
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Fig. 2. Comparison of three sprayer designs in terms of the overall spray distribution as a percentage of 
the total amount sprayed: Duoprop cross-flow sprayer, Condor V axial sprayer and Tango sprayer with 
individual spouts. 

Optimization of the selected sprayer
The Duoprop cross-flow sprayer thus performed best in terms of amount and uniformity of 

deposition and drift. Still, its ground deposition was the largest of the three sprayers and it also had 
an off-target deposition close to 15% of the total amount sprayed. Therefore the main objective of 
the optimization analysis was to reduce this off target depositions. To this end, we compared three 
different nozzle arrangements for this sprayer. The first arrangement was using only Albuz ATR 
orange standard nozzles at all eight positions of the sprayer, the second was using Albuz TVI 8002 
drift reducing nozzles at all eight nozzle positions and the last arrangement was a combination 
of the two nozzles types (top three Albuz TVI 8002 nozzles and bottom five Albuz ATR orange 
standard nozzles). The Albuz TVI 8002 drift reducing nozzles used in this analysis have a 50% 
drift reduction according to the Belgian buffer zone regulation.

          (a)              (b)          (c)
Fig. 3. Particle track plot showing the path followed by the spray for the three nozzle arrangements on the 
Duoprop cross-flow sprayer: (a) all eight Albuz TVI drift reducing nozzles, (b) all eight Albuz ATR standard 
nozzles and (c) top three Albuz TVI drift reducing and bottom five Albuz ATR standard nozzles.

           (a)          (b)           (c)
Fig. 4. Contour plots showing the spray deposition on the ground and canopy for the three nozzle arrangements 
on the Duoprop cross-flow sprayer: (a) all eight Albuz TVI drift reducing nozzles, (b) all eight Albuz ATR 
standard nozzles and (c) top three Albuz TVI drift reducing and bottom five Albuz ATR standard nozzles.
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As can be seen from the particle track plot (Fig. 3) and the deposition contour plots (Fig. 4), most 
of the spray particles fell to the ground in front of the tree when Albuz TVI 8002 drift reducing 
nozzles were used at all eight positions on the sprayer (Fig. 3(a) and Fig. 4(a)). The resulting 
on- and off-target deposition is given in Fig. 5. This resulted in a higher ground deposition for 
this nozzle arrangement compared to the others, including the standard configuration. When the 
Albuz ATR standard nozzles were used at all eight positions (Fig. 3(b) and Fig. 4(b)), most of the 
spray droplets are carried through the tree and resulted in a higher off-target deposition that has a 
drift potential. This is mainly because of the difference in the particle size distribution of the two 
nozzle types. The maximum droplet size obtained from Albuz ATR standard nozzles is 430 µm 
while 45% of the spray droplets generated by the Albuz TVI 8002 nozzles have a diameter greater 
than 430 µm (Fig. 1). 
The two nozzle types could be better used together to benefit of each advantage and limit the 

corresponding disadvantage. Therefore, we performed simulations using a combination of the two 
nozzle types (Albuz TVI 8002 drift reducing nozzles in the top three positions and Albuz ATR 
standard nozzles on the bottom five nozzle positions). This combination resulted in a significant 
decrease in the ground deposition compared to what was seen on the Albuz TVI 8002 drift reducing 
nozzles (Fig. 4(c)). It also gave a wake side deposition (drift potential) similar to that of the Albuz 
TVI drift reducing nozzles (Fig. 5). The total off-target deposition was also reduced to 9.5% 
compared to the 15% that was obtained with the Albuz ATR standard nozzles. 

Fig. 5. Total spray deposition in the canopy, ground and wake-side for the three nozzle arrangements on a 
Duoprop cross-flow sprayer. 

Acknowledgement

The financial support of the Institute for the Promotion of Innovation by Science and Technology 
in Flanders (project IWT 080528) is gratefully appreciated. Thijs Defraeye is postdoctoral fellow 
of the Research Foundation – Flanders (FWO) and acknowledges its support.

References

Dekeyser D, Duga A T, Verboven P, Endalew A M, Hendrickx N, Nuytens D. 2013. Assessment of 
orchard sprayers using laboratory trials and CFD modelling. Biosystems Engineering 114:157‒169.
Delele M A, De Moor A, Sonck B, Ramon H, Nicolaï B M, Verboven P. 2005. Modeling and 
Validation of the Air Flow generated by a Cross Flow Air Sprayer as affected by Travel Speed and 
Fan Speed. Biosystems Engineering 92:165–174.



458

Duga A T, Defraeye T, Hendrickx N, Dekeyser D, Nuyttens D, Nicolaï B M, Verboven P. 2013. 
Sprayer-canopy characterization using field experiments and CFD modeling. 12th Workshop on Spray 
Application Techniques in Fruit Growing (SuproFruit 2013); 26‒28 June 2013, Valencia, Spain.
Endalew A, Hertog M, Gebrehiwot M G, Baelmans M, Ramon H, Nicolaï B M, Verboven P. 
2009. Modeling airflow within model plant canopies using an integrated approach. Computers and 
Electronics in Agriculture 66:9–24.
Endalew A, Debaer C, Rutten N, Vercammen J, Delele M A, Ramon H, Nicolaï B M, Verboven 
P. 2010. A new integrated CFD modeling approach towards air-assisted orchard spraying. Part I. 
Model development and effect of wind speed and direction on sprayer airflow. Computers and 
Electronics in Agriculture 71:128–136.
Endalew A, Debaer C, Rutten N, Vercammen J, Delele M A, Ramon H, Nicolaï B M, Verboven 
P. 2011. Modeling the effect of tree foliage on sprayer airflow in orchards. Boundary-Layer 
Meteorology 138:139–162.
Nuyttens D, Baetens K, De Schampheleire M, Sonck B. 2007. Effect of nozzle type, size and 
pressure on spray droplet characteristics. Biosystems Engineering 97:333‒345.
Wilson N R, Shaw R H. 1977. A higher order closure model for canopy flow. Journal of Applied 
Meteorology 16:1197–1205.


