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Abstract A computational fluid dynamics (CFD) model of airflow and spray application in
orchards was validated using field trials and used to assess the effect of wind and sprayer
type on spray distribution in different orchard training systems. Three air-assisted orchard
sprayer designs (a cross-flow sprayer, an axial sprayer and a sprayer with individual spouts)
and four different training systems of apple and pear trees were used for this analysis. The
CFD model integrates the tree architecture into the model geometry, rather than using a
generalized canopy profile approach. Predicted vertical on-tree deposition profiles agreed
well with measurements. The lower airflow rate generated by the sprayer with individual
spouts resulted in a significantly larger deflection of the spray particles under the same wind
conditions. A detailed assessment was made on the most common axial sprayer. An increase
in the magnitude of the wind speed for flow across the tree row resulted in an increase in the
amount of spray detected in the air around the trees and in the ground deposition in front of
the tree row. Environmental airflow in the direction of spraying gave the largest deposition
on the tree, constraining the spray in the canopy region. A wind direction opposite to the
spraying direction, however, resulted in an increase of the ground deposition and the amount
of spray remaining in air. The model can be used to analyze the effects of implementation of
more sustainable spray application procedures taking into account wind conditions, tree and
machine characteristics.
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1 Introduction

Environmental contamination and residues resulting from the application of plant protection
products have been the subject of research for the past few decades (Gil and Sinfort 2005;
Poulsen et al. 2012; Sarigiannis et al. 2013; Tiam et al. 2014; Jensen and Olesen 2014).
These negative environmental consequences are more pronounced in air-assisted orchard
spraying because of the strong airflow, horizontal direction of spraying and large volume
of air involved. There exists a wide variety of air-assisted orchard sprayer designs. The
major difference between these designs is in the generation and supply of the air assistance
(axial fans, centrifugal fans, cross-flow fans, etc.). The most commonly available designs
are those with axial fans (Gohlich et al. 1996; Khot et al. 2012), which has an airflow
projected to the top of the tree that in most cases results in spray particles being carried
beyond the top of the canopy thus resulting in drift. Cross-flow sprayers give a more uniform
deposition than the axial sprayers because of the horizontally-projected planar air jets that
direct the spray towards the canopy (Dekeyser et al. 2013). Other designs have been devel-
oped to improve the drawbacks of the axial fan sprayers and cross-flow sprayers, some of
which include the use of ducts to direct the air and spray flow and a mechanism to recycle
some of the sprayed material (Heijne et al. 1993; Doruchowski and Holownicki 2000; Ade
and Pezzi 2001b; Planas et al. 2002). Orchard spraying is a complex process involving the
interaction of many parameters, including: pesticide dose and spray volume, spray-liquid dis-
tribution, droplet spectrum, air volume, sprayer speed, meteorological conditions and crop
characteristics. Most studies on the effect of these factors have been dedicated to a single
machine type and a particular orchard tree system. Cross et al. (2001a, b) performed a series
of field experiments on different sized apple trees using an axial sprayer to study the complex
interaction between air-volume flow rate, spray-liquid flow rate, spray quality (droplet size
distribution) and crop characteristics. They concluded that variations in spray-liquid flow
rate greatly affect spray coverage but had only a small effect on normalized spray deposits
on the tree and the ground. They also concluded that the volume of spray retained on the
crop increased with tree size (Cross et al. 2001a). A very high airflow rate resulted in spray
drift while a very low airflow rate decreased spray deposition further from the sprayer (Cross
et al. 2003). Hilz and Vermeer (2013) reported on the relevant properties of spray liquids
and how formulation influences spray characteristics and drift, while Svensson et al. (2003)
and Wise et al. (2010) investigated the effect of sprayer type on the airflow pattern and
spray distribution respectively. Duga et al. (2015) analyzed the spray-deposition profiles in
different pome fruit trees and concluded that tree characteristics such as total leaf cover,
leaf wall porosity and tree volume strongly affect total on-target deposition. All the above
agree on the fact that the interaction between the parameters involved in orchard spray-
ing is too complex for rigorous experimental investigation. Analyzing the effect of each of
these parameters using experimental approaches is difficult as well as expensive and even
impossible for some as it is difficult, e.g., to control meteorological conditions. Modelling
approaches, especially computational fluid dynamics (CFD) models, have been effectively
used in the last few decades to understand and characterize the orchard-spraying process
(Sidahmed and Brown 2001; Molari et al. 2005; Da Silva et al. 2006; Delele et al. 2007;
Endalew et al. 2009a, 2010a, b, c; Bartzanas et al. 2013; Dekeyser et al. 2013; Lee et al.
2013). As far as the authors are aware, no previous modelling work has investigated in detail
the effect of wind speed, wind direction and sprayer design on the amount of spray deposited
in different training systems using an integrated model validated with dedicated field
trials.
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Numerical Analysis of the Effects of Wind...

The objective of this work is, through use of a CFD model, to compare and character-
ize different designs of orchard sprayers in terms of the resulting on-target and off-target
pesticide distribution in orchards of different architecture. To this end, an integrated CFD
model was applied for different combinations of three orchard sprayer designs and four tree
training systems. The results of the model predictions were first validated with orchard-
spray deposition trials. Subsequently, the effect of different wind speeds and directions
on the different sprayer designs and training systems were further analysed using the
model.

2 Materials and Methods

2.1 Training Systems

Four training systems are considered (Fig. 1). The apple classical training system consisted
of 21-year old trees having one main vertical branch with numerous weaker fruiting branches
(Fig. 1a). The pear tree systemswere nine years old, and the pear trees of the classical training
system (Fig. 1b) had one central stem and three to five bigger branches that were guided to
grow upright along the row. The pear T-hedge training system had one central stem on which
other branches were guided to grow sideways along the row making a T-shape (Fig. 1c). The
V-hedge pear trees had one central stem on which exactly four branches were growing on
each side of the row (Fig. 1d).

Trees of the different training systems were represented in the model by their respective
tree architecture and leaf cover at the site of the measurement (Endalew et al. 2007). For
each planting system architectural data were collected for three consecutive trees in a row
where air and spray deposition data for the sprayers were collected. Three-dimensional (3D)
numerical models of the canopy (Fig. 2) were generated and used in the CFD model; the 3D
tree model included the tree stem and main branches, with the leaves and smaller branches
represented by a porous domain around the main branches. The interplant distance was 1.5
m for pear classical and T-hedge and 1 m for apple classical and pear V-hedge. The inter-
row spacing was 3.5 m for pear classical and T-hedge and 3.2 m for apple classical and
pear V-hedge. Source-sink terms parametrized using leaf area density and a drag coefficient
were applied to the porous domain to simulate the aerodynamic effects of the unresolved
leaves and branches on the airflow and turbulence. Vertical profiles of leaf area density for
the different tree architectures were determined using the photographic gap fraction method
(Phattaralerphong et al. 2006). The drag coefficient is often assumed to be constant and
independent of position within a canopy (Wilson and Shaw 1977; Endalew et al. 2010c).
Suitable drag coefficient values that produced the best agreement with airflowmeasurements
were determined and used in the model using the methodology of Wilson and Shaw (1977)
and Endalew et al. (2010c).

2.2 Orchard Sprayers

The study considered three different designs of air-assisted orchard sprayers, namely a cross-
flow sprayer (DuoProp, BAB Bamps, Sint-Truiden, Belgium) (Fig. 3a), a classical single
axial fan sprayer (Condor V, Hardi, Taastrup, Denmark) (Fig. 3b) and a sprayer equipped
with a centrifugal fan and 10 individual air spouts (Tango, Hardi, Taastrup, Denmark) (Fig.
3c). The individual air spouts of Tango were connected to the air outlet of the fan by flex-
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Fig. 1 The four training systems used in the orchard trials and simulations: a apple classical, b pear classical,
c pear T-hedge, d pear V-hedge

ible ducts. The air-jet velocity distribution of the sprayers and the spray characteristics of
the nozzles used were measured and used in the model simulations. The airflow measure-
ments were performed using a hot-wire anemometer (air velocity transducer, model 8465,
TSI, Shoreview, MN, USA) placed as close as possible to the outlets. Additional mea-
surements were made using 3D ultrasonic sensors (model 81000, Young, Traverse City,
MI, USA) placed at 0.15 m perpendicular to the outlet. The airflow from the axial and
cross-flow sprayers was measured at a horizontal interval of 0.05 m following the contour
of the air outlet. For the sprayer with individual spouts, the average of three measure-
ments that were made at the individual spout outlet was taken (Dekeyser et al. 2013).
The outlet velocity profiles of each machine are given in Fig. 3. The total airflow rates
(50,000m3 h−1 for axial and cross-flow sprayers and about 13,000m3 h−1 for the sprayer
with individual spouts) were estimated using these air velocities and the corresponding outlet
area.

The sprayers were equipped with Albuz ATR hollow cone nozzles (Saint-Gobain Solcera,
Évreux, France). The axial and cross-flow sprayers were equippedwith 16AlbuzATR orange
nozzles operating at a pressure of 600 kPa producing a spray with a volume median diameter
of 155.8µmmeasured with a phase Doppler particle analyzer (PDPA) laser measuring set-up
(Nuyttens et al. 2007). The sprayer with individual spouts was equipped with 10 Albuz ATR
red nozzles operating at a pressure of 800 kPa producing a spray with a volume median
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Fig. 2 3D structure of a single tree from the four training systems when viewed across the row (left column)
and along the row (right column)

diameter of 176.6µm. In both the model and the experiments, the machines were operated
at an application rate of 500Lha−1 and a driving speed of 6kmh−1. Only right side spraying
was considered, from one side of the row.
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Fig. 3 The three orchard sprayer designs used in the analysis: a crossflow (Duoprop), b axial (Condor V),
c individual spouts (Tango) accompanied with the three components of their corresponding outlet velocity U
(red dashed lines, horizontal perpendicular to driving direction), V (blue dash-dotted lines, vertical upward)
and W (green dotted lines, horizontal in the driving direction). The outlet air speeds were measured at 0.15 m
from the outlet area at different heights using 3D ultrasonic sensors. For the sprayer with individual spouts,
the average of three measurements that were made at the individual spout outlet was taken (Dekeyser et al.
2013)

2.3 The CFD Model

The model considered a section of three trees of a single row in the orchard (Fig. 4). The
computational domain ranged from the sprayer outlet to the centre of the next inter-row
spacing and did not take into account the detailed geometry of the tractor and sprayer. This
implies that sprayer wake effects could not be taken into account. The atmosphere was
considered to a height of 9 m to include the lower part of the orchard boundary layer. The
3D architecture of the three trees sprayed during the trials was used in the model with their
corresponding interplant and row spacing. The right side of half of the sprayer is represented
in the domain using the outlet profiles of the different sprayer types. A rectangular cross-
section, a curved cross-section and a section with individual spouts were used to represent
the different outlet designs of the Duoprop, Condor V and Tango sprayers, respectively
(Fig. 4).

CFDmodel simulations predicted the flow and deposition of pesticide droplets sprayed in
orchards of different architecture using three sprayer designs; the methodology of Endalew
et al. (2010a) was adapted for the model implementation. The unsteady Reynolds-averaged
Navier–Stokes (URANS) equations and the k–ε turbulence model were solved using the
unstructured finite volume method in a CFD code of ANSYS-CFX (ANSYS, Inc., Canons-
burg, Pennsylvania, USA) for modelling the airflow from the sprayers and the atmospheric
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Fig. 4 A schematic presentation (a) and a 3D view (b) of the computational domain

flow, using standard model parameters for turbulence. The airflow model computed the tur-
bulent field from the sprayer and its interaction with the environmental airflow and trees in
the orchard rendering the transient airflow pattern as the sprayer drives along the row. The
model took into account the wind profile in the orchard, using the canopy boundary-layer
flow with wind speeds of varying magnitude and direction. The canopy wind profile was first
obtained from a series of steady simulations using RANS equations over the computational
domain. Each next simulation used as inlet boundary condition the wind profile behind the
trees of the previous simulation (cyclic simulations). The procedure was continued until the
difference between the inlet and outlet profiles became insignificant. In this way a realis-
tic canopy wind profile is obtained, as was previously validated by Endalew et al. (2010b).
These canopy profiles were then imposed as input profiles at the boundaries of the domain
depending on the wind direction. Using the steady canopywind profile as an initial condition,
the model is then solved by implementing the outlet velocity profile of the sprayers (Fig. 3)
as a moving boundary condition that proceeds along the tree row at the driving speed of
the orchard sprayers, superimposed on the canopy wind profile. We thus solved the URANS
model where the boundary condition is a function of the speed of the tractor. According to a
sensitivity study (Delele et al. 2005), a turbulent intensity of 30 % and a length scale of 0.008
m was used for the turbulence boundary condition of the sprayer jet. The bottom boundary
of the domain was set as a no-slip rough surface (roughness length (y0) = 0.005m) to repre-
sent a ground with negligible vegetation (Endalew et al. 2009b). The other boundaries of the
domain were set as openings at atmospheric pressure to allow the free movement of air in and
out of the domain. The resistance and turbulence effects of the leaves were modelled using
closure models applied in the porous domain around the branches (Wilson and Shaw 1977).
The surfaces of the tree branches were set as no-slip rough surfaces as well (equivalent sand
grain roughness height ks = 0.006m) (Endalew et al. 2009b).

The path of the spray droplets in the turbulent airflow around the trees was predicted
using a Lagrangian particle tracking multiphase flow model (Delele et al. 2007). This model
calculates the instantaneous position of the spray droplets in the air using the measured
nozzle and spray parameters (spray angle, liquid flow rate and pressure, nozzle size, droplet
size distribution). According to Graham and Moyeed (2002), the prediction accuracy of the
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Lagrangian particle tracking model is highly influenced by the number of particles injected,
so we used an optimum number of particles (3000 per timestep) based on a sensitivity study
of Delele et al. (2007). A stochastic deposition model that was developed to predict the
deposition of droplets on the leaves (Endalew et al. 2010c) was employed to model the
spray–canopy interaction. The amount of droplets captured by this deposition model in the
porous sub-domain was a function of the optical porosity of the trees, and the vertical profile
of optical porosity was calculated using the leaf area density and width of the tree (Raupach
et al. 2001). According to Miller et al. (2000), the deposition of pesticides in the near-field
of an orchard is dominated by wind action and the effect of atmospheric stability is more
important in the far field. The neutral stratification assumption was employed here to predict
the distribution of pesticides within a single row. The model was solved on an unstructured
tetrahedral mesh having prismatic layers near the ground. The initial mesh size in the fluid
domain and the smallest size on the surface of the smallest branches were selected based on
the required position of the wall adjacent cell (Y+) value for the turbulent wall functions to be
valid (Kuzmin et al. 2007). Eight layers of tetrahedral elements were used around the surfaces
of the branches to resolve the turbulent boundary layer accurately in combination with the
turbulent wall functions (Endalew et al. 2009a). A maximum mesh size of 40 mm in the free
space and a minimum size of 0.1 mm on the smallest branches gave a mesh independent
profile for the different combinations of sprayer and training systems.

2.4 Orchard Trials

Orchard spray deposition trials were performed in an experimental orchard field (pcfruit vzw,
Sint–Truiden, Belgium) in October 2010 on fully leafed trees immediately after harvest. The
trees were sprayed on only one side at the operational settings given in Sect. 2.2.

The deposition measurement protocol was in accordance to the ISO standard (ISO 22522,
2007) and metal tracers were used in combination with 0.0012m2 filter paper samplers
(Whatman Int Ltd, No.1). Three trees were sampled for each training system and each tree
was divided into zones according to its height, width and depth. There were seven zones
along the height of the tree, three zones across the depth and two along the row (one at the
stem and one between two consecutive trees). The samples were recovered and stored at 4 ◦C
in dark conditions after the trials. Afterwards, samples were washed with 0.16MHNO3 for
15 min to extract the metal tracers from the filter paper. The amount of tracer collected was
calculated from the concentration measured with the varian SpectrAA 300 atomic absorption
spectrometer. The deposition was determined as the amount of active substance collected per
unit area (kg m−2). Wind speed and direction were measured during the experiments at 10
m height using a 3D ultrasonic anemometer (Metek GmbH, Elmshorn, Germany), at 10 Hz.
Temperature and relative humidity were measured together at 10 and 1.5 m height (Campbell
Scientific, Utah, USA). The resulting deposition profiles were discussed in detail in Duga
et al. (2015), and were used here to assess the predictive validity of the CFD model.

3 Results and Discussion

3.1 Validation of Vertical Deposition Profiles in the Trees

Figure 5 compares the predicted and experimental vertical leaf deposition profiles of the
different sprayer and training system combinations. The experiments were run under varying
wind conditions as detailed in the figure caption, with the broken and solid lines in the plot
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Table 1 Root-mean-squared error of the predicted normalized spray deposition for the different combinations
of sprayer type and training system, compared to experimental values

Duoprop Condor V Tango
average: 0.29 average: 0.34 average: 0.32

Apple classical; average: 0.37

Leaf 0.37 0.18 0.23

Branch 0.24 0.41 0.36

Ground 0.40 0.75 0.42

Pear classical; average: 0.27

Leaf 0.18 0.35 0.25

Branch 0.30 0.20 0.35

Ground 0.48 0.19 0.32

Pear T-hedge; average: 0.27

Leaf 0.18 0.22 –

Branch 0.32 0.31 –

Ground 0.51 0.40 –

Pear V-hedge; average: 0.27

Leaf 0.06 0.45 0.23

Branch 0.15 0.29 0.14

Ground 0.32 0.35 0.60

representing the measured values and model results respectively. Each of the three sprayer
designs had a typical spray-deposition profile and the model was able to predict, for each
training system, the differences in zones of high deposition. The Duoprop cross-flow sprayer
was characterized by a peak around 2 m height compared to the Condor V axial sprayer,
which a gave maximum deposition in the lower region of the canopy at 1 m height. The
maximum deposition from the Tango sprayer with individual spouts was between 1 and 2 m
height.

For the pear classical trees the model predicted two peaks for each sprayer type that were
not observed in the measurements. This training system is very open at the top, and probably
branches are very susceptible to movement in the airflow. This aspect was not accounted for
in the model.

There was a variable degree of quantitative agreement between the model and exper-
imental predictions among the different cases as is shown by the root-mean-squared
error (RMSE) values in Table 1. The RMSE was estimated using the relation RMSE =√

1
n

∑n
i=1 (Xmeasured,i − Xmodel,i )2, where Xmeasured,i is the experimental value and Xmodel,i

is the model prediction at point i. In general, the CFD model had an approximate error of
30 % with respect to the individual measurements in the different zones of the tree and larger
deviations for the ground deposition samples. Effects due to branch movements and tempo-
ral variations in wind conditions are not accounted for in the model and can be expected to
contribute significantly to this error.

However, other CFD studies reporting similar quantitative error ranges have been shown
to be beneficial for improving the understanding of distribution of variables in complex
configurations (Duan et al. 1992;Delele et al. 2005;Ako 2011). The largest deviation between
the model and the experimental values was found for the ground deposition, for cases where
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Fig. 5 Validation of vertical deposition predicted by the CFD model for different training systems with
different sprayer types under varying wind conditions. Measured profiles (dashed lines) are obtained from
analysis of the amount of tracer on filter paper samples in the trees. Predicted curves (solid lines) are obtained
from the deposition model in the tree canopy and present the integrated deposition over zones of 0.5 m height
of the middle tree in the simulations. a Apple classical with Duoprop (5.4m s−1 south-east); b apple classical
with Condor V (4.5m s−1 south-west); c apple classical with Tango (5.3m s−1 south-east); d pear classical
with Duoprop (5.4m s−1 north-east); e pear classical with Condor V (3.3m s−1 north-east); f pear classical
with Tango (4.2m s−1 north-east); g pear V-hedge with Duoprop (3.5m s−1 north-east); h pear V-hedge with
Condor V (2.9m s−1 north-east); (i) pear V-hedge with Tango (3.2m s−1 north-east); j pear T-hedge with
Duoprop (3.2m s−1 north-east); k pear T-hedge with Condor V (1.7m s−1 north-east). The wind speed in
between brackets was measured at 10-m height and the wind direction is given on the north-east-south-west
compass. The driving direction was south to north for the apple trees and north to south for the pear trees.
Spraying was single right-hand sided
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there was a higher wind speed, and wind direction in the same direction as the sprayer
movement. It should be noted here that also increased uncertainty is introduced by the low
number of samplers (four) used on the ground.

Condor V had the largest error of the CFD model predictions, partly because of an issue
that had been seen in indoor experiments performed previously (Dekeyser et al. 2013). It is
assumed to be related to a limitation in accurately measuring the outlet airflow profile of this
particular sprayer because of the presence of a deflector at the top that caused uncertainty
in the modelled profiles. Overall, as the patterns were well approximated by the model
predictions, the model was considered suitable for studying trends of the effects of wind
speed and direction on on-target and off-target deposition. Where differences were smaller
than the experimental error of 30 %, we should however be cautious about the significance
of the effects.

3.2 Effect of Wind Speed and Direction on Spray-Flow Pattern and Deposition

Here we investigate if and to what extent variations in wind speed and direction change the
model predictions of deposition in the canopy. The most common sprayer type, the axial
sprayer, and the most dense apple training system were chosen to study these effects of wind
conditions. Simulations were done using wind speeds of 1.3, 2.6, 3.9, 5.2 and 6.5m s−1 (at
10-m height) with flow in the direction ofmotion of the sprayer, perpendicular to the direction
of the spray jet. Another set of simulations used a wind speed of 6.5m s−1 (at 10-m height)
and varying the wind direction from 0◦ to 315◦ at intervals of 45◦ measured with respect to
the direction of the spray jet.

Figure 6 presents the typical air and spray-flow pattern obtained from the CFD model.
Figure 6a shows the canopy wind profile at 1.2 m height for a wind speed of 6.5m s−1 (at
10-m height) and wind direction in the direction of motion of the sprayer, perpendicular
to the direction of the spray jet. This wind direction is the average direction found in the
measurements. The contour plot shown is taken on a horizontal plane at 1.2 m above the
ground, where the wind speed has a maximum value of 4m s−1 in between the rows and
much lower inside the trees. Figure 6b shows the airflow profile from the driving sprayer on
the same plane in calm conditions. The air speed at the outlet is above 20m s−1 and above
10m s−1 when the spray flow reaches the tree. With wind in the driving direction, the airflow
pattern from the sprayer is disturbed as is illustrated in Fig. 6c. Still, within the canopy the
airflow pattern is dominated by the sprayer jet and the air speed remains above 10m s−1.
The predicted spray-droplet flow patterns for different wind speeds are given in Fig. 6d–
f. The typical upward flow pattern of the axial sprayer results in mainly smaller droplets
ejected above the canopy in calm conditions (Fig. 6d). With non-zero wind speed, the spray
droplets are deflected sideways along the wind direction while also being more contained to
the canopy height due to the higher wind speed above the canopy. Below the canopy height,
the spray-flow profile is not largely affected by environmental wind conditions. Comparing
plots (e) and (f) in Fig. 6, the resulting effect on the droplets motion above the canopy depends
on the wind speed.

Figure 7 presents liquid deposition contour plots on the tree, the ground and on planes
in the air around the trees for the three different wind speeds plotted in Fig. 6. The amount
of spray deposited on the ground in front of the tree increased with wind speed (Fig. 7a–c),
with the largest ground deposition obtained at the highest wind speed of 6.5m s−1. The total
amount of spray detected in the air (mainly along the wind direction and behind the tree)
plotted in Fig. 7a–c represents the spray that is highly susceptible to drift. As the wind speed
increased, the amount of spray blown along the wind direction increased, decreasing the
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Fig. 6 Effect of wind on sprayer airflow and droplet distribution. Model predictions are shown for the axial
sprayer (Condor V) in the apple classical tree orchard. Plots a–c show horizontal contours of air speed on a
horizontal plane at 1.2-m height above the ground for different conditions: a non-zero wind speed without
sprayer, b instantaneous sprayer airflow in calm conditions; c instantaneous sprayer airflow with non-zero
wind speed. Plots d–f show the droplet trajectories coloured according to the diameter of the droplet for the
particular track. Wind direction is assumed to be along the row in the direction of motion of the sprayer,
perpendicular to the direction of the spray-jet. Plots d–f show 3D spray profiles from the axial sprayer with
different wind speeds. a contour plot of the computed canopy airflow profile for wind along the row on a
horizontal plane at 1.2-m height above the ground, b contour plot of the instantaneous airflow from the sprayer
in calm conditions, c contour plot of the instantaneous airflow from the sprayer with wind. The corresponding
instantaneous droplet tracks are given in plots (d–f) for different wind speeds. The speed of the tractor was
6 km h−1 and the wind direction was along the row in the direction of motion of the sprayer (perpendicular
to the direction of the spray-jet)

amount of spray detected behind the tree. The largest amount of spray behind the tree (in
the next row) was detected for zero wind speed. This could be explained by the fact that the
wind that was perpendicular to the spray-jet deflected spray droplets even before reaching
the tree, thereby increasing drift and the ground deposition in front of the trees. Comparing
the tree deposition in Fig. 7d–f, an increase in wind speed decreased the leaf deposition but
the effect appears limited to the upper part of the trees. This was expected as the spray-jet
dominates the flow in this region (Fig. 6).

Figure 8 shows the spray-flow pattern for different wind directions. Environmental airflow
in any direction reduces the height of the spray flow from the axial sprayer above the canopy.
However, wind in the same direction as the spray-jet increased the amount of spray detected
downwind behind the tree (thus the drift potential)with respect to spraying in calm conditions.
Figure 8c is the condition discussed in Figs. 6 and 7 and shows that wind along the rows
blows the spray to the other edge of the orchard along the rows. In Fig. 8d it is seen that wind
opposite to the spray deviates the spray backward from the spraying direction and this effect
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Fig. 7 Contours plots showing the effect ofwind speed on off-target (a–c) and on-target (d–f) spray deposition
from the axial sprayer in the apple classical trees orchard: a zero wind speed, b wind speed = 3.9 m s−1, c
wind speed = 6.5 ms−1. Plots a–c show liquid deposition on the ground and on planes in the air around the
trees. The arrows represent the sprayer driving and wind direction. The speed of the tractor was 6 km h−1

is increased with wind opposite to the driving direction (Fig. 8e). All these effects pertain
to droplets that are subject to the environmental airflow above the canopy. As a result, the
effect on the canopy deposition is restricted to the upper part of the trees, which is seen on
the lower row in Fig. 8.

The effects of wind speed and wind direction on the vertical deposition profile are plotted
in Fig. 9, where the total leaf deposition shown is determined from the deposition and total
leaf area in the respective tree zones. There is no difference between the different profiles
up to a tree height of 1 m. The largest leaf deposition was obtained when the wind was in
the direction of the spray-jet, and is due to the concentration effect of this wind direction on
the widely projected spray-flow pattern obtained from the Condor V sprayer. This sprayer
generated different air profiles on the left-hand and right-hand sides when operated under the
high gear setting (Dekeyser et al. 2013). The upward projection of the spray droplets is more
significant on the right-hand side. This implies that the spray concentration effect of wind in
the direction of the spray-jet is higher on the right-hand side. For the low gear setting, the
sprayer generates similar airflow patterns on both sides and hence a similar wind effect, with
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Fig. 8 Effect of wind direction on the spray-flow pattern obtained when an apple classical training systems
was sprayed with the axial sprayer (Condor V): a calm, b wind direction at 0◦ with respect to spray-jet, c
wind direction at 90◦, d wind direction at 180◦, e wind direction at 270◦. The droplet track plots show the
mean droplet diameter and the arrows represent the sprayer driving direction. The deposition plots show the
time-integrated off-target and on-target liquid distribution. The sprayer was driven at 6 km h−1 and the wind
speed was 6.5m s−1 at 10-m height

the smallest leaf deposition obtained when the wind was directly opposite to the direction of
spraying (180◦ wind). The effect of wind direction is larger and more significant than that
of wind speed, through the significance is limited to wind in the direction of the spray-jet,
which has a considerably higher deposition than the other cases above 2-m height.

Figure 10 summarizes the effect of wind speed and direction on the percentage of spray
deposited on the trees, ground and remaining in the air after the sprayer has passed the trees
and leaves the computational domain through the lateral boundaries. Figure 10a shows that
wind speed had a more significant effect on the ground deposition compared to the leaf
deposition and drift potential. The presence of a 6.5m s−1 (at 10-m height) wind speed
with wind direction in the direction of motion of the sprayer more than doubled the ground
deposition compared to a zerowind speed. The corresponding difference in the tree deposition
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Fig. 9 Effect of wind speed (a) and direction (b) on the vertical profile of the total leaf deposition on apple
classical trees sprayed with the axial sprayer (Condor V). Panel a is for wind in the driving direction; panel
b is for a wind speed of 6.5m s−1 at 10-m height and the wind directions are with respect to the direction of
the spray-jet (see Fig. 8). The speed of the tractor was 6 km h−1

was only 8 %, and the difference in drift potential (spray in air) was 5 %. Comparing to the
model error, these effects thus seem insignificant.

Figure 10b presents the effect of wind direction on the tree deposition, ground deposition
and the percentage of spray in the air. The largest deposition on the tree was obtained when
the wind was in the same direction as the direction of the spray-jet; this wind also gave the
smallest percentage of spray in the air by concentrating the spray plume below the tree height
as previously shown in Fig. 8b.

The largest amount of spray in the air (more than 30 % of the total amount sprayed) was
obtained for wind directions of 180◦ and 225◦ with respect to the direction of spraying, and
caused by the spray droplets that were deflected back to the sprayer. The largest ground depo-
sition was obtained when the wind direction was perpendicular to the direction of spraying,
with some of the spray droplets deflected even before reaching the trees. In terms of the total
amount of spray in the air, the largest difference between the best and worst case scenarios
was 17 % compared to the difference in tree deposition, which was 18 %. Wind direction
rather than wind speed thus presents a more significant effect on the near-tree spray distrib-
ution in the orchard from an axial sprayer. This does not render any conclusion with respect
to spray drift, which is a phenomenon taking place over larger distances beyond the orchard
border.

3.3 Effect of Wind Speed on Different Sprayers

Here, we investigated whether similar wind effects can be expected from the different sprayer
types. Figure 11 compares the effect of a 6.5m s−1 wind speed on the spray-flow pattern of
the three different sprayer designs in the apple orchard. The environmental airflow reduced
the deposition on the tree by more than 60 % for the Tango sprayer compared to a zero

123

Author's personal copy



A. T. Duga et al.

Fig. 10 Effect of a wind speed and b wind direction on the total spray distribution obtained when an apple
classical training system was sprayed with Condor V. The wind directions are measured with respect to the
direction of spraying. The tractor speed was 6 km h−1

wind-speed condition. The tree deposition was reduced by more than 30 % for the Duoprop
cross-flow sprayer, and less than 10 % for the Condor V axial sprayer. The considerably
lower volumetric flow rate from the smaller fans of the Tango sprayer thus resulted in a higher
susceptibility to wind effects. The individual spouts of this sprayer could be adjusted to direct
the spray-jet within the vicinity of tops of trees, but this does little in the presence of high
wind speeds. Condor V and Duoprop sprayers produced a similar air-jet flow rate but wind
action favours the Condor V sprayer by concentrating the upward projected spray particles
within the vicinity of the tree zone, compensating to some extent for the additional losses to
the ground that occurs with this wind speed and direction. Wind speed is thus a much more
relevant parameter for sprayers with a cross-flow air assistance and with individual spouts.

3.4 Effect of Wind Speed in Different Training Systems

The tree architecture also influences the effect of environmental airflow in thedrivingdirection
on the spray distribution. The presence of wind resulted in a larger percentage reduction in
the on-target deposition in the case of apple (Sect. 3.3) than for the pear classical training
systems with all the sprayer designs (results not shown). The more dense architecture of the
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Fig. 11 Effect of sprayer type on off-target and on-target deposition in an apple classical trees orchard with
non-zerowind speed and in zerowind-speed conditions. The vertical deposition profile of the different sprayers
is given in (a), and b gives the percentage of the total amount sprayed on trees, ground and in the air. The
tractor speed was 6 km h−1

apple classical training systems prevents increased spray particles from passing through the
trees and exposes them to wind deflection. This indicates that generalizations made on the
effect of wind in orchard spraying without considering the specific tree leaf area density may
be biased.

4 Conclusions

The above analysis on wind effects demonstrates that care should be taken when comparing
sprayers in a range of wind conditions for a given tree architecture so as to reach unbiased
conclusions.CFDmodelling, however, allows such an analysiswith afirst principlemodelling
approach, thereby avoiding or quantifying the bias.

The final fate of a spray droplet depends on the prevailing environmental airflow (hence
wind speed and direction) with large differences in the extent of the effects between machine
types. While in conditions of zero wind speed, cross-flow sprayers give the largest on-target
deposition and the lowest drift potential for the apple classical and pear T-hedge training
systems, this is no longer true for non-zero wind speeds. Contrary to intuition, the wide angle
spray of the axial sprayer appeared to be most resistant to wind effects, where the key factor
to be appeared the deflection of the spray before it reaches the trees. This can be avoided by
increasing the airflow rate of the air assistance but this has been shown to increase the risk of
drift. In this respect, a new spray design that shields the spray (tunnel sprayers) could help to
further reduce the influence of wind. The performed analysis has improved our quantitative
understanding of the complex interaction between sprayer design, wind and tree architecture
and could be helpful in optimizing the spray application process.
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