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Abstract.  Drift is of more concern for air-assisted orchard sprayers than for field sprayers due to the 
high air jet velocity involved and the horizontal application direction. Orchard sprays are applied 
sideways to the trees, with a high risk for aerial drift by wind. Air-assistance has also been shown to 
be non-uniform, but the consequences for deposition uniformity in the canopy have yet to be 
demonstrated. Off-target deposition can be minimized and uniformity can be improved with the use 
of proper equipment and methods under favourable weather conditions depending on the nature of 
the target canopy and the level of infection. To this end knowledge of the canopy flow conditions of 
both the air and the spray are needed.  It has been difficult to obtain such information experimentally. 
A Computational Fluid Dynamics (CFD) model that allows the simulation of spraying process for 
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different machines including environmental and canopy conditions is presented. This comprehensive 
model considers the effects of wind velocity and turbulence, and the nature of the canopy on air 
assistance distribution. Orchard experiments were conducted on airflow profile from three air 
assisted orchard sprayers in leafless and fully leafed pear tree (Pyrus communis L.) orchards. The 
model results compared well to the measured profiles of airflow distribution, with average accuracies 
as high as 80%. The model is used to study effects of sprayer and nozzle design and operational 
parameters, weather conditions, and for different planting systems and development stages.  

Keywords.  Airflow, air-assistance, canopy structure, modelling, orchard sprayer 
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Introduction 
One of the challenges of fruit growers in the 21st century is to apply pesticides precisely to the 
target areas balancing optimal and even distribution of the chemical on the target for effective 
biological efficacy and minimum loss of the chemical as air-borne drift or by sedimentation to the 
ground to limit environmental contamination (Göhlich et al., 1996).  Pesticide application in 
orchards is commonly carried out using air-assisted sprayers that use air jets generated from 
fans to transport droplets from the nozzles to the target. The air jet is believed to enhance the 
transport, mixing, penetration and deposition of pesticides in orchards (Walklate et al., 1996; Xu 
et al., 1998) but its consequence have yet to be demonstrated. Air-assisted sprayers have been 
developed over the years to meet canopy shape and size as well as power requirements 
(Walklate et al., 1996; Glass et al., 2009). Numerous investigations have been made to evaluate 
these sprayers (e.g. Walklate et al. 1996; 2002; Glass et al., 2001a; 2001b; 2003; Delele et al., 
2007; Endalew et al., 2010b) but still there are issues of both experimental and numerical 
investigation.   

It is known that environmental parameters, mainly wind, sprayer settings such as nozzle type 
and settings, sprayer speed and fan settings, and canopy structures are important for spray 
distribution in tree canopy. Experimental investigation of this is difficult and expensive because 
of the complexity of the interacting parameters.  As reported by Glass et al. (2009) several 
numerical methods have been developed in the past years but most are limited to steady state 
and stationary simulations and assumption of the canopy as horizontally homogeneous medium 
(e.g. Wilson and Shaw, 1977; Gross 1986; Katul et al., 2004; Da Silva et al., 2007). Recently we 
developed an integrated CFD modelling of airflow through plant canopies that integrates actual 
3-D canopy architecture into the model (Endalew et al. 2009a; 2009b).   In this model the effect 
of the stem and the branches to fluid flow is simulated by introducing the 3-D structures of the 
trees.  The effects of leaves and other parts that are not included in the tree structure are 
modelled using closure models (Wilson and Shaw, 1977) by introducing source and sink terms 
to the momentum and turbulence equations that are functions of leaf area density and leaf drag 
coefficient.  A wind tunnel investigation with scaled leafless artificial trees showed that this 
modelling approach gave a minimum accuracy of 92% on the flow field and a reasonable 
prediction of the turbulent properties at the wake (Endalew et al., 2009a).  A similar wind tunnel 
study using scaled artificial trees with different canopy conditions revealed that the model gave 
a minimum average accuracy of 30% showing that the approach is promising for further 
application (Endalew et al., 2009a).  Cyclic simulation and periodic boundary methods were 
implemented to scale up the wind tunnel models to full-scale application in the atmospheric 
boundary layer (ABL) (Endalew et al., 2009a).   

The objective of this study was to use the developed models to investigate orchard spraying that 
incorporates wind, airflow from the sprayers and the complex canopy architecture under a 
dynamic condition.  The airflow from the sprayer was studied for three machine types (a single 
fan Condor V, a two-fan Duoprop, a four-fan AirJet Quatt) and for two canopy conditions 
(leafless (LL) and fully leafed (FL) pear orchard).   

Materials and methods 

Experimental case 
 

Field experiments of airflow from three air assisted sprayers were conducted on a pear orchard 
in spring 2008 when all the trees were LL and in summer 2008 when the trees were FL in 
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experimental orchard (pcfruit, Sint-Truiden, Belgium).  Three trailed air-assisted sprayers with 
PTO driven axial flow fans considered here were  the single fan (Hardi Condor V, Taastrup, 
Denmark), the two-fan (BAB Bamps Duoprop, Sint-Truiden, Belgium) and the four fan (BAB 
Bamps AirJet Quatt, Sint-Truiden, Belgium) (Fig. 1b, c and d).  The detailed descriptions of 
these sprayers are given in Endalew et al. (2010b).  

 

 
Figure 1.  Measurement layout on the x-y plane (a), the sprayers and their dimensions; Condor 

V (b), Duoprop (c) and AirJet Quatt (d). 

 

The air velocity from all the sprayers was measured at three positions; near the sprayer air 
outlet, before and after the canopy, respectively at 0.15 m,  0.815 m and 2.215m (Fig.1a) from 
the jet outlet using 50 Hz Metek ultrasonic anemometers (Metek GmbH, Elmshorn, Germany).  
The measurement near the sprayer outlet was carried out under a stationary condition with the 
fan running at a tractor PTO speed of 540 rpm in an experimental hall of 7 m high, 36 m long 
and 20 m wide.   For Duoprop and AirJet Quatt sprayers the vertical measurement points lie in 
the same horizontal positions along and across the sprayer.  The measurement points for 
Condor V follow the curvature of the sprayer outlet across the sprayer. The measurements for 
both cases were at every vertical distance of 5 cm.  The vertical profiles of the velocity 
components for the three sprayers extrapolated at the sprayer outlet slot are shown in Fig. 2. 
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The airflow before and after the canopy (Fig. 1a) was measured in the field while the fan was 
driven at a tractor PTO speed of 540 rpm and forward speed of 7.1 km h-1. The measurements 
at the two positions were made simultaneously using two laterally positioned anemometers with 
one pear tree in between them (Fig. 1a).  Each time the tractor passes the anemometers, the air 
velocity from the sprayers was measured for more than 1 minute. The data acquisition starts 
and stops, respectively, at least 60 m before the tractor reaches and after the tractor passes the 
measurement centre (position of the anemometers). The exact time at which the sprayers' air 
outlet comes in line with the anemometers was recorded to link the data with the wind velocity 
measured at a weather station. Measurements for all the sprayers were carried out at every 0.2 
m vertical interval which started at 0.2 m from the ground to 3.6 m height. More detailed 
information on the experimental setup can be found in Endalew et al. (2010b).  During these 
experiments all the nozzles were closed to avoid their effect to the airflow. 

 

 
Figure 2. Vertical profiles of the velocity components measured and extrapolated at the jet outlet 

of the sprayers; Condor V (a), Duoprop (b) and AirJet Quatt (c); where u, v and w, are the jet 
velocities along the jet (x-direction), vertical (y-direction) and across the jet (z-direction), 

respectively. 

 

Table 1. Average wind speed and direction with its corresponding standard deviation obtained 
from the meteorology station near the experimental site at a height of 10 m above the ground 
during the airflow measurement time of each sprayer.   

Sprayers  
Wind Parameters 

Measurement 
season Condor V Duoprop AirJet Quatt 
Spring 2008 5.80 ± 0.87 3.80 ± 0.48 4.90 ± 0.50 Wind speed (m s-1) 
Summer 2008 1.43 ± 0.49 1.24 ± 0.54 1.35 ± 0.29 
Spring 2008 98.5 ± 45.2 118.7 ± 5.3 146.0 ± 30.9 Wind direction (°) 
Summer 2008 61.5 ± 19.3 65.2 ± 16.3 54.4 ± 21.8 

 

A meteorological station fixed about 50 meters from the field measurement position was 
measuring average wind speed and direction every two seconds at 10 m above the ground. The 
wind speed and wind direction from which it is blowing according to the World Meteorological 
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Organization (WMO) at a height of 10 m above the ground averaged for the experimental time 
of each sprayer during the airflow experiments is given in Table 1.  0° corresponds to wind from 
north and 180° corresponds to wind from south.  

Modelling approaches 

For modelling airflow, the momentum and k-ε turbulence model with additional source-sink 
terms developed and validated by Endalew et al. (2009a, b, 2010a, b) was used. Air as 
incompressible Newtonian fluid, the unsteady Reynolds Averaged Navier-Stokes (URANS) 
momentum and k-ε turbulence equations are solved using unstructured finite volume method in 
a CFD code ANSYS-CFX (ANSYS, Inc., Canonsburg, PA, USA). 

From the work of Endalew et al. (2009a) a vertical canopy profile of wind through pear orchard 
of 3 m average height was extrapolated (Fig. 3a) from cyclic and periodic simulation results. 
Assuming the vertical component (v) is zero, the two horizontal Cartesian velocities for a well 
developed wind flow are given by ( )sinu U y θ=  and ( )cosw U y θ= ; where ( )U y is the RMS wind 
velocity at a vertical position, y along the wind direction, u and w  the velocities in the east-west 
(x) and north-south (z) directions, respectively and θ  is the wind direction.  The vertical profiles 
of the jet velocity components measured near the air outlet and extrapolated for the outlet of the 
all the sprayers shown in Fig. 2 were used as model input.  

 

 
Figure 3.  Normalized vertical profiles of wind; canopy profile for wind within and above orchard 
canopy and log profile for wind without the canopy; where h is average height of the canopy and 
u* is the friction velocity in the ABL (a) simulation domain and boundary conditions for Condor V 
(the larger domain with the curved section at the bottom) and for Duoprop and AirJet Quatt (the 

smaller rectangular domain) sprayers (b). 
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The resistance of the canopy to airflow was modelled by integrating canopy architecture and 
closure models. The actual 3-D architecture of the canopy was introduced into the CFD model 
to simulate the effect of the stem and branches. Source-sink terms were introduced into the 
RANS momentum and k-ε turbulence equations (Endalew et al. 2009b) in a detailed porous 
sub-domain created around the branches to model the effect of leaves and other parts that were 
not included in the canopy architecture. The closure models implemented in this model are 
functions of leaf area density, A and leaf drag coefficient, Cd. The vertical profiles of A of three 
pear trees that were in the experimental position, one in the middle of the measurement and the 
other two on the two sides along the row, were calculated using a photographic gap fraction 
method (Phattaralerphong and Sinoquet, 2005; Phattaralerphong et al., 2006; Endalew et al., 
2009b). In the CFD model the vertical profile of A was modified for the porous sub-domain 
created around the branches. According to Wilson and Shaw (1977) and the reports of Meyers 
and Tha Paw U (1986), a suitable Cd = 0.15 value was determined numerically to produce the 
best agreement with field observations. 

Simulation domain and boundary conditions 
A simplified simulation domain of 6 m long in the driving direction along the row and 9 m high 
was used for the three sprayers.  The width at the top of the domain was 3.05 m for Duoprop 
and AirJet Quatt and 3.35 m for Condor V (Fig. 3b). Three trees were put in the domain along 
the row. The detailed 3-D architecture of the tree and a porous sub-domain around the 
branches was put at the centre where the measurements were made. But for the other two trees 
the detailed sub-domain was put without the trees and the corresponding plant area density was 
used to model its effect on airflow.  

The ground under the orchard field and the surface of the tree branches was set as no slip 
rough walls (Endalew et al., 2009a). In the model, the canopy profile shown in Fig.3a  was 
imposed as Cartesian velocity on south or north and east plane depending on wind direction. 
The north or south (depending on which plane the canopy profile was imposed) and west planes 
were set as pressure openings and the top plane was a Cartesian velocity opening. The 
measured jet velocity profiles shown in Fig. 2 were imposed as Cartesian velocity components 
on the outlet slot of the sprayer for the sprayer airflow. The position of the fan outlet slot was 
moving at the forward tractor speed along the east plane towards north (Fig. 3b). A step function 
which moves with time in which a value of one within the outlet slot and zero in all other 
locations was used to allow the air outlet slot to move at the tractor forward speed of 7.1 km h-1.  

The computational domain was discretised into a total of 6,712,279 and 8,172,794 tetrahedral 
elements and 1,547,207 and 1,541,204 nodes for the simulation domain of Duoprop and AirJet 
Quatt sprayers and for that of Condor V prayer, respectively. As an initial value for the transient 
simulation a steady state simulation was performed for each sprayer with the sprayer outlet at 
the start of the domain (south). In the transient simulation for the middle 2 m of the domain near 
where the measurements were made, a time step of 0.025 s (Delele et al., 2005) was used.  But 
to minimize the demand for computational resource a time step of 0.1 s was used for the first 
and last 2 m of the domain along the driving direction. 20 iterations were used for each time 
step and all the equations in each time step converged to RMS value less than 10-4 in a CPU 
time per time step of 4.9 hrs and 5.9 hrs for the simulation domains of Duoprop and AirJet Quatt 
sprayers and for that of Condor V, respectively. These numerical calculations were done on a 
Linux cluster node with RAM greater than 8 GB.  

Results and discussions 
For every vertical position measured peak average velocity, mU  was compared with calculated 
for both LL and FL trees behind the canopy (Fig. 4). The results behind the canopy are shown 
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here because the presence of the canopy and leaf cover showed significant effect on mU , 
especially at the middle high density regions of the canopy for all the sprayers. There was a 
good agreement between measured and predicted values at all heights, for all the sprayers and 
canopy conditions. The high and low velocity regions observed at different vertical positions for 
all the sprayers behind the trees were clearly represented by the vertical profiles of mU  (Fig. 4). 
The effect of foliage changed both the magnitude of the jet velocity and the shape of the vertical 
velocity distribution. Because of the presence of leaves on the canopy reduction of mU  and 
modification in the shape of its vertical distribution were observed, especially in the middle 
dense canopy region of the tree between 0.5 to 2.2 m due to the increased density of the 
canopy. The magnitude of the reduction was less for the Condor V sprayer than for the other 
two sprayers. For Condor V sprayer mU  was already relatively low compared to that for the 
others that have jets with mU  of more than 10 m s-1 after the LL trees. The resistance force due 
to foliage follows a quadratic relationship with velocity, thus a stronger reduction effect is 
expected for the high velocity sprayers. The air velocity near the ground and at the top of the 
trees tends to increase when foliage is present. This is a direct result of the foliar resistance; 
more air tends to flow through the open spaces under the tree, on the top sparse part of the tree 
and in between the different trees (Fig. 5). More than 95% of the local errors ( ( )mm ms mmU U U− ) 
are within ±0.2 at all vertical points; where Umm and Ums are measured and simulated jet 
velocities, respectively. 

 

 
 

Figure 4. Vertical profiles of mU from the three sprayers; Condor V (a), Duoprop (b) and AirJet 
Quatt (c) behind LL and FL pear trees. 

 

Horizontal velocity contour and vector plots taken at a height of 0.8 m, located at the most 
dense region of the canopy, are shown in Fig. 5. The plots show the effect of the canopy and 
leaves on the sprayer airflow. The rows are simulations with and without the leaves and the 
columns represent the different sprayers. Foliar resistance to the airflow from the sprayer 
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changes both the magnitude and direction of the jet. This resistance was manifested by 
redistributing the air jet from the sprayer into a larger area (Fig. 5). The simulations through the 
trees with leaves showed a larger decay within and behind the canopy and the effect of the 
leaves on disturbing the jet centre is clearly observed. Furthermore, the contour plots also show 
the effects of the tractor forward speed and wind. The jet deflection against the driving direction 
was mainly due to the forward speed of the tractor whereas the difference in the extent of the 
bend was due to the effect of wind. As the vectors in Fig. 5 indicate, the direction and magnitude 
of airflow behind the sprayer and before the canopy was not affected as much as the flow in 
front of the sprayer and behind the canopy.  

 

 
Figure 5.  Velocity contour and vector plots taken on a horizontal plane at Y = 0.8 m from 

simulations with LL (a, b and c) and FL (d, e and f) trees. 

Conclusions 
 
In this work it was shown that the complex orchard spraying operation, which involves the 
interaction of wind and airflow from the sprayers with the 3-D canopy architecture was modelled 
using CFD. A good agreement between measurements and simulation results of the peak jet 
velocity was obtained behind the canopy for all the sprayers considered. More than 95 % of the 
local relative errors lie below 20%. The regions of high and low air velocity zones for both 
sprayers at all measurement positions were accurately predicted. In addition to the strongly 
heterogeneous (both in magnitude and direction) air jet from the sprayers' outlets as well as 
wind speed and direction, the presence of the canopy affected the downstream distribution of air 
velocity to a large extent. Behind the canopy, the presence of foliar cover on pear tree had a 
significant effect to the airflow from the sprayers and to the decay of the jet. The resistance of 
leaves to the airflow has resulted in an increase in the jet velocity at higher heights above the 
tree and at lower heights near the ground. This could result in off-target deposition of the spray 
to the ground and spray drift to the atmosphere.  The model is used to study the effects of 
sprayer and nozzle design and operational parameters, weather conditions for different planting 
systems and development stages on spray flow and deposition. 
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