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Abstract

Air assisted sprayers are currently used for the applications of plant protection products
in fruit trees and vineyards. However, the use of these equipment carries a high
environmental risk, mainly owing to the generation of airborne spray drift in the lower
boundary layer above crop canopy. Hence, many tests are currently focused on
investigating several factors that affect the efficiency of the spray process, in which air
assistance and air behaviour are two of the most difficult parameters to evaluate. This

present work proposes a first approach on the characterization of the airflow generated
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by an orchard sprayer equipped with an axial fan and an air reverse system in the outlet
plane of the air, while circulated through two artificial rows of canopy representing
vineyard trellis, using 3D-ultrasonic anemometers to measure the experimental data. A
first series of static field tests measured the air velocity at different heights on both sides
of the sprayer and at both sides of every row of artificial canopy and evaluated the effect
of the canopy on the sprayer airflow passing through. A second set of experiments were
carried out with the sprayer moving at 4.1 km h-! between canopy rows to simulate the
normal spray process. Finally, velocity vectors and turbulent intensities were calculated.
The resistance of the vegetation was also characterized by using a drag coefficient, both
when the sprayer was stationary and moving. The results between the static and dynamic
tests were compared. Although there were similarities between the two tests, the results
indicated that when the equipment moves along the canopy rows, the axial fan asymmetry
on air velocities is more noticeable and turbulence intensity increased. In addition, the
vegetation received direct airflow at different times. This could affect the trajectory of the
droplets. On the other hand, the resistance of the vegetation on each side was similar. The
air reverse system could be affecting the airflow direction to the driving direction.
Ultrasonic anemometers were successful in characterizing sprayer fan airflows but it is
necessary to continue working on the descriptive analysis of the airflow in other planes

different from the air outlet only and with other vineyard systems.
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1. Introduction

Disease control and the use of pesticides in crop cultivation is a critical issue in the
agricultural sector (Damalas, 2015). Crop treatment with pesticides can be a risk not only
to the environment (Carvalho, 2017), but to humans as well (Mamane et al., 2015);
further, is one of the most important economic factors for a farmer (Ganesh, 2018).
Hence, pesticide spray applications offering reduced costs and improved efficiency, have
been empirically developed over the decades (Das et al., 2015).

In the case of tree crops and vineyards, farmers use sprayers equipped with different air-
assistance systems, such as crossflow, individual spouts or axial-flow fans (Dekeyser et
al.,2011). The use of air-assisted sprayer has advantages that help optimize the treatments
(Molto et al., 2006): it is required only the driver of the tractor, working time is short
enough to act at the time of greatest sensitivity of the pest or these machines imply a more
rational use of water consumption and chemical products. These sprayers generate airflow
helping the transport and penetration of pesticide droplets to be directed into the
vegetation in uniform distribution (Walklate et al., 1996, Panneton 2005ab). This
mechanism focuses the applied volume to the vegetation target diminishing unwanted
losses and improving the efficiency of the treatment.

But not all the product reaches the target vegetation. The airflow also sends a fraction of
the applied volume into the air (Gil and Sinfort, 2005). This fraction of product carried

out of the target area by the action of the environmental wind is defined by ISO Standard
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22866 (2005) as a spray drift. This phenomenon not only reduces the efficiency of the
treatment (Landers, 2008) but also endangers the environment (Garcera et al., 2017), as
pesticide droplets maybe carried by environmental air currents to sensitive areas such as
populated areas (Butler-Ellis et al., 2017) or water resources (Ochoa and Maestroni,
2018). This brings the necessity to consider airborne spray drift in air-assisted pesticide
sprayers (Kasner et al., 2018). The control of spray drift is the first environmental problem
during the design of air-assisted sprayers and their use (Fornasiero et al., 2017; Grella et
al., 2019).

Therefore, airflow behaviour is a key element on the efficiency of pesticide treatments
with air-assisted sprayer. In this way, most research focus on the analysis of airflow
influence, such as in spray distribution (Pergher and Gubiani, 1995; Cross et al., 2003;
Farooq and Landers, 2004; Balsari et al., 2008; Pergher and Petris, 2008; Celen et al.,
2009; Miranda et al., 2015, 2017; Garcia-Ramos et al., 2018) or the droplet size (Reichard
etal., 1977 and 1992; Cross et al., 2001; Czaczyk, 2012; Miranda et al., 2018; Balsari et
al., 2019). Moreover, most of the above studies do not include a physical description of
air behaviour. This is important because knowing how air is produced by the sprayers
simplifies the understanding of the whole phenomenon— starting from the droplets
leaving the nozzles —taking into account the type of sprayer, the air system design, the air
inlet conditions, the asymmetry of the air system, the forward speed and the natural air
currents and the artificial airflow—, until they reach the vegetation, in which they may
penetrate the canopy, pass through the canopy or rise above the vegetation and be affected
by the natural wind that drifts them into the surrounding air. That is why its study is
considered a fundamental need for improving the efficiency of treatments with this type

of machines (Zhai et al., 2018).
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The sprayer design will determine the behaviour of the outgoing airflow (Triloff 2016;
Van de Zande et al., 2017). The number, shape and size of the outlets, the air system
employed and the amount of spray volume influence the efficiency of the treatment (Pezzi
and Rondelli, 2000; Walklate and Richardson, 2000; Cross et al., 2003; Chen et al., 2013;
Dugaet al., 2015). Currently, farmers use crossflow fan sprayers or with individual spouts
that are adapted to the characteristics of the crop. There are also research groups working
on an adjustable air equipment (Hotownicki et al., 2017; Longlong et al., 2017).
Nevertheless, the traditional equipment is the air blast sprayers with an axial fan (Fox et
al., 20006), as it allows to apply pesticides with large airflow volume rates. In these
sprayers, the fan design (Cross et al., 2003), its fan speed (Wei et al., 2016), and the
inclusion of deflectors (Celen, 2008) influence the airflows that carry the droplets to the
target.

During the generation of airflow, there are differences in the magnitude and direction of
the air velocity vectors between both sides of the sprayer. Theoretically, manufacturers
design the sprayers to reduce this asymmetry to ensure that the droplets reach the
vegetation in a similar way on both sides. Following this assumption, several researchers
analysed only one side of the fan (Delele et al., 2005; Da Silva et al., 2006; Endalew et
al., 2010b; Duga et al., 2015; Salcedo et al., 2015). However, these differences depend
of other factors, such as the forward speed of the equipment, and could become more
larger, affecting the trajectory of the droplets to the target vegetation.

The movement of the sprayer causes deflection on the fan airflow (Ghosh and Hunt,
1998). The forward speed of the equipment modifies the air currents around tractor and
sprayer, thus causing changes in airflow direction of the fan and magnitude (Reichard et

al., 1979) that can affect the transportation of droplets.
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These previous factors influence the stability of the airflow during the treatment. Brazee
et al., (1981) analysed the turbulent mechanics produced during the spray applications
with air blast sprayers. This turbomachine generates an airflow with a high variation of
the velocities, including effects of diffusion, mixing and dissipation. It could also
normalize the concentration and trajectories of pesticide droplets in the air (Delele et al.,
2005, 2007). This variation could be enhanced by the presence and interaction of airflows
with the vegetation (Walklate et al., 1996, Swiechowski ef al., 2004; Panneton 2005ab).

The effect of vegetation on the air also needs to be studied in depth (Li ef al., 2018).
Interaction between the airflow coming from the fan and the vegetation generates
modifications and turbulences inside the vegetation and around the canopy (Finnigan,
2000; Finnigan et al., 2009). The vegetal mass absorbs the kinetic energy of the air,
producing losses in velocity and pressure (Belcher et al., 2003), which could produce
deviations on the droplet trajectory and ability to penetrate into the canopy. The intensity
of this interaction will depend on the vegetal characteristics. In this case, the type of tree
crop or vineyard is very important, because the size and density of the vegetation vary in
each case. Hence, Da Silva et al. (2006) presented a methodology to determine a drag
coefficient that characterizes the aerodynamic resistance in vineyards, but that could be
extrapolated to more tree crops, such as citrus (Larbi and Salyani, 2012a, 2012b) or pear
trees (Endalew et al., 2010a, 2010b). Furthermore, the shape and density of the vegetation
should also be considered, as variations in this parameter can generate different turbulent
structures or vortexes canopies around the canopy (Salcedo et al., 2015), which increase
the instability of the airflow around the vegetation and expose more droplets to the natural

air currents.
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These factors have become more important because many farmers wish to use their
sprayers at high forward speeds. In this situation, the trees itself and the airflow inside the
vegetation forms an obstacle when the sprayer is moving. The velocity of the airflow
arriving to the vegetation reduces by increasing forward speed (Delele et al., 2005;
Triloff, 2011). This is because when the forward speed is increasing then airflow direction
is more oriented to the back part of the sprayer. In addition, when the airflow penetrates
the vegetation the velocity decays as faster as the forward speed increases (Walklate et
al., 1996). In this way, if the vegetal density is very high, the airflow cannot penetrate the
canopy and go to the lower boundary layer of air (Salcedo et al., 2015). All this can
influence on the spray deposition in the vegetation (Triloff, 2015, 2016 and 2018). For
this reason, a description of the vectors of the air flow is necessary to understand what

happens in that moment and to adjust the design of future fans.

Because most studies at present deal with static airflow, it is important to study the
dynamics of the airflow from a forward moving sprayer. The main problem for the
dynamic assays is the high complexity owing to the large number of variables involved,
and the difficulty to include or analyse them during the displacement of the sprayer. De
Moor et al. (2002) confirmed that there is a relationship between the airflows
characterized during static and dynamic experiments. However, De Moor et al. (2002)
did not include the vegetation effect on the airflow nor a characterization using velocity
vectors. Garcia-Ramos et al. (2012) did not include these variables in their analysis of the
airflow of a sprayer equipped with two fans either. Gu et al. (2012) measured the air jet
velocities from an air assisted five-port sprayer in an open field without obstacles.
Endalew et al. (2010b) experimented with different sprayers but with the main objective

to achieve experimental data to design computational fluid dynamics (CFD) models.
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In addition, all air assays should take into account the methodology, such as the number
or distance between measurement points, and the anemometer. There are different types
of sensors used in the literature. The propeller anemometers are simple and easy to use
but they do not offer information about the direction of the flow. Moreover, these sensors
run on the peaks of the airflow velocities and need a long sample time. Hot wire
anemometers and Pitot tubes give information about the velocity magnitude in each
component. These sensors are very useful for calculating the airflow rate or studying the
airflow that passes through a unidirectional conduit and areas close to the air outlet (De
Moor et al., 2002; Cross et al., 2003; Swiechowski ef al., 2004: Delele et al., 2005;
Cerruto, 2007; Pergher and Petris, 2008; Dekeyser et al., 2012, 2013; Garcia-Ramos et
al., 2012, 2018; Gu et al., 2012; Pascuzzi, 2013; Duga et al., 2015; Garcera et al., 2017,
Hotownicki et al., 2017; Miranda et al., 2017, 2018; Balsari et al., 2019; Badules et al.,
2018). But they do not serve to determine the direction of airflow or to detect turbulent
structures. In this sense, the ultrasonic anemometers allow to calculate the value and the
sense of each one of the components of the velocity. These sensors have been used
successfully to describe the general airflow generated during the treatments, (Endalew et
al., 2010b; Dekeyser et al., 2012, 2013; Garcia-Ramos et al., 2012, 2018; Czaczyk et al.,
2014; Salcedo et al., 2015; Triloff, 2015, 2016 and 2018; Garcera et al., 2017; Van de
Zande et al., 2017).

Seeking greater airflow to work at high forward speeds, axial fan sprayers for fruit trees
are also used in vineyards (Grella et al., 2017). In this way, Landers and Farooq (2004)
and Balsari et al., (2008) studied the relationship between the airflow characteristics and
the canopy. On the other hand, Pergher, (2006), Cerruto (2007), and Pascuzzi (2013)

analysed the effect of the movement and the airflow on the spray deposition in vineyards;
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however, they focused on the air volume rates and not the sprayer airflow description.
Therefore, it is necessary to understand the relationship of the generated air with the
sprayer speed and the airflow penetration into the canopy. The initial step should provide
a description of the airflow, as it leaves the sprayer from a plane directly aligned with the
axial fan, to help visualize the physical phenomena in a better way.

The objective of this work was to establish an introductory study to understand the
behaviour of airflow using an axial fan sprayer, built with an air assistance inverter
system, in the air outlet plane of the fan and simulating an specific interval during plant
protection treatment in vineyard trellis by means of ultrasonic anemometers. Hence, the
air velocities, before and after crossing the canopy of artificial vineyards on both sides,
were studied. The air velocities were characterized first with the sprayer stopped and then
with the sprayer in a dynamic position. Results were compared to study the evolution of
the airflow generated. The resistance showed by the vegetation was also characterized

and compared between cases.

2. Material and methods

2.1. Experimental location
The tests were carried out at the Laboratory of Agricultural Mechanization belonging to
the facilities of Agropolis of the Universitat Politécnica de Catalunya in Viladecans in
Spain (41°17'18.44"N/2°2'43.39"W).

2.2. Artificial canopy
Two identical, artificial vineyard canopies of rectangular prism shape were used for the
trials (Figure 1). Typical parameters in the region were considered for the canopy design.

A theoretical vineyard case with a separation of 1.2 m between plants and 2.8 m between
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rows was selected. This section has already been used in previous air tests to reproduce
treatments in vineyard trellis with good results (Gil e al., 2015). The leaf area index (LAI)
was set at 1.0, which is within the typical range for vineyards (Lopez—Lozano et al.,
2009). This means that a 3.36 m? ground surface area is covered by a total leaf area of
3.36 m?.

To achieve this, the canopies designed were 1.2 m long, 1.0 m high, and 0.4 m wide. A
metal support 0.5 m serves as the platform for each canopy, giving the canopies a total
height of 1.5 m from the ground surface. Each canopy had 540 leaves with an individual

area of 67.6 cm?. The leaf area density was a = 9.9 m? leaf m- canopy.

[Insert Figure 1]

2.3. Characteristics of the sprayer
A trailed airblast sprayer FEDE Inverter Qi 9.0 Ecoteqi (Fede S.L. sprayers, Cheste,
Spain) connected to a Landini Rex 90F tractor (Landini SpA, Fabbrico, Italy) was used.

The sprayer had a tank with a nominal volume of 2000 L (Figure 2).

[Insert Figure 2]

The machine has an air reverse system, with the suction fan was in front of the air outlet.
Thus, the vectors of the airflow are more directed to the driving direction than the back
compared to a treatment with a conventional airblast sprayer. It has an axial fan with a
diameter of 900 mm and ten metal blades, each having an inclination angle of 20° that

are rotated counter clockwise considering the rear position of the sprayer. The widths of
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its outlet and inlet channels are 185 mm and 300 mm, respectively, and the perimeter in
both cases is 1.3m. The separation between channels is 0.2 m. The idea, with this design,
is to avoid damages and obstructions in the sprayer by accumulation of leaves during the
treatments in deciduous trees.

The sprayer was always working at a PTO (Power Take-Off) speed of 480 r min-!, which
is the value recommended by the manufacturer. The gearbox factor of PTO to fan is 1:4.
The fan had two speed positions, but only the low speed was employed. In these
conditions, the air volume rate was previously estimated, following the ISO 9898
methodology (ISO, 2000), by using a propeller anemometer Meteo Digit I (Lambrecht
meteo GmbH, Gottingen, Germany). The total airflow rate obtained was of 10.7 m? s,
of which 53% corresponded to the right side of the fan at a mean velocity of 23.2 m s,

while 47% to the left side at a mean velocity of 20.6 m s™!.

24. Measurements of air velocities

Static assays

For the static airflow test, both sides of the sprayer were considered. The machine was
located equidistant to the two canopies (Figure 3). Thereby, the distance between the fan
and the extreme of each canopy was 0.7 m. The air outlet was aligned with the centre of

the canopies (plane z = 0.6 m).

[Inseret Figure 3]

The measurement procedure for the air velocities was based on the methodology proposed
by Da Silva et al. (2006) for artificial vineyards. In the same plane of the air outlet (z =

0.6 m), the air velocities were measured at four posts (A, B, C and D) (Figure 3i). Two
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posts were stationed on each side of the sprayer: one between the fan and the canopy (B
and C) and the other after the vegetation (A and D). Da Silva et al. (2006) placed these
posts 0.1 m from the vegetation, but owing to difficulties inherent to the installation of
the measurement sensor, they were positioned 0.2 m away on each side. The posts directly
facing the fan (B and C) were located 0.5 m away from the sprayer, as proposed by ISO
9898 (IS0, 2000) for the characterization of the air blast sprayer (Figure 3ii). In each post,
the air velocities were measured every 0.3 m, from 0.5 m to a maximum height of 2.0 m.
Moreover, there were 6 measurement points for a total of 24 points in the plane z = 0.6
m.

At each of these points, a three-dimensional (3D) ultrasonic anemometer (WindMaster
1590-PK-020, Gill Instruments Ltd., Hampshire, UK) attached to the post was placed in
a horizontal position. The sensor accuracy was 1.5%, with an air velocity range of 0 to 45
m s!, a resolution of 0.01 m s! and a frequency of 10 Hz. The three instantaneous
components of air velocity (u,, u,, u.) (m s™!) were recorded, with the positive X-axis as
the horizontal direction to the vegetation and parallel to the ground, Y-axis as the vertical
component to the atmosphere, and Z-axis the horizontal direction following the sprayer
and the tractor.

The static test included three repetitions to ensure that the general behaviour of the air
was being characterized. The trials were executed by first measuring all points of A with
the fan running. Then, the same process was executed for posts B, C and D. After D, the
cycle was repeated two more times. This was done necessary to try to make the
measurements at each point as independent as possible between repetitions. For each
repetition, the acquisition time was 60 s at each measurement point, with a sampling

frequency of 10 Hz (600 data).
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Dynamic assays

For the dynamic tests, the positions of the canopies and the posts were kept in the same
positions (Figure 4). The sprayer passed between the two vineyards rows maintaining the
same distance to the vegetation as in the static assay. For the forward speed, a value of
1.14 m s'! (4.1 km h'') was chosen. This value has been used in previous assays to study
the airflow during a typical treatment in the region (Gil et al., 2015), which is within the

range of speeds for the local farmers.

[Insert Figure 4]

Previous studies were considered for establishing the number of repetitions required for
the tests. For instance, Endalew et al. (2010) performed a total of 18 repetitions for a air-
assisted sprayer circulating at more than 1.94 m s! (7.0 km h''). On the other hand,
Garcia-Ramos et al. (2012) carried out much less, 3 repetitions, although the sprayer was
0.77 m s! (2.8 km h-!). For this first approach, it was considered that our conditions were
more similar to the work of Garcia-Ramos et al. (2012) who used the same 3D-ultrasonic
anemometer model as this trial but with a frequency of 1 Hz. Thus, based on that study,
five repetitions were performed for each point. In each repetition, only the velocities that
the anemometer captured were recorded because the air outlet channel coincided with the
vegetation until the air left the vineyards. Given the forward speed and the length of the

vineyard (1.2 m), the estimated time of measurement was approximately t = 1.1 s.
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2.5. Environmental conditions during the experiments
The trials were conducted in accordance to the best management practices recommended
for a good and safe spray application process (TOPPS—Prowadis, 2014). This implies that
wind speed be lower than 3 m s-! during the application (BOE, 2012). With respect to the
orientation of the spray track to the wind direction during the tests, the wind velocity and
direction were measured at 0.1 Hz frequency sampling rate. To record the variables during
the experiment, an automatic weather station (WatchDog weather station Model 2550,
Spectrum Technologies, Inc., USA) was used. The station was placed at 25 m downwind
from the equipment at a height of 2.0 m. The mean wind velocity during the static trials
was 1.8 m s, and the mean direction was 201° relative to the travel direction of the
sprayer. During the dynamic assays, the values were 1.4 m s! and 175°, respectively.
The environmental wind affects measurements that depend on height (Georgiadis,
Dalpane, Rossi, Nerozzi, 1996). Nevertheless, Endalew et al. (2009) suggested that this
effect is only significant above 1.5 times the height of the canopy (in this case, at 2.25
m), which has been successfully applied in other air assays (Salcedo et al., 2015).
Therefore, this effect was treated as negligible considering the mean wind velocity
obtained during the tests and the maximum height for the measurements (2.0 m).

2.6. Data processing
Static data
For each repetition, the airflows during the static test were assured to be within the
steady state so that the air velocities represented the behaviour of the airflow correctly.
For each measurement point (Fig. 3), the cumulative average of each velocity
component was calculated up to 60 s. Afterwards, the mean behaviour during that time

was studied, to observe whether it moved within the same range, in the same order of
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magnitude, as the mean value, after 30 s. If the data continued to increase or decrease
until 60 s, then it meant that the steady state had not been reached at that point, and
thus, the data would not be considered.

To graphically represent the airflow during the tests, the total mean velocities for each
component (Ur, U, Ur:) (m s) between the repetitions were calculated. From these

velocities, the total mean velocity magnitude in each point was obtained:

Ur=\Uf+UR+Ué (1)

Two diagrams (with the corresponding air velocity vectors) that coincide with each of
the measurement planes were generated. One was for the plane z = 0.6 m, using the
coordinates of the mean velocities Uy, and Uy, This diagram reflected the behaviour
of the airflow to the target vegetation. The other graph was for each post in the planes
x=-1.75m,x=-0.95m, x =0.95 m, and x = 1.75 m. These diagrams used the mean
velocities Uy, and Uz, and showed the airflow in the plane parallel to the machine.
For each repetition, the fluctuation of the air velocity u' (m s!) at a point can be
expressed as the relation between the mean value U (m s™') and the instantaneous
velocity u (m s'') measured by an anemometer, as in the following equation:
u'=u-U (2)
The parameter u' is defined as the magnitude of the fluctuations in the three

components:

1, — — —
U = \/g(uxux + uyu, + uzuz), 3)

where u,u,, uyuy and u,u, are respectively the square of the fluctuation in each

direction of the space. For the fluctuations, the airflow was assumed to be isotropic,

which means that the variations in the components are similar to each other.
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Based on Eq. (2), it is possible to obtain the turbulence intensity 7 (%). It is expressed

as

1, —— — —
1=100 \/g(uxux + uyuy, + uzuz)/\/(Uazc + Uf, + U2) “4)
where (U, U, U.) (m s!) are the mean values for each repetition. This variable is a

ratio used to compare the importance of the fluctuations on the mean velocity of the

airflow. Finally, the total mean intensity /7 between the repetitions was represented.

Dynamic data

To simulate a representative moment during a treatment in vineyard trellis, only air
velocities were considered when the fan was between the two canopies. Considering
the sensitivity of air measurements in the dynamic test and the possible errors that may
occur during the measurements (error in the equidistance to the vegetation, the
difficulty of keeping the forward speed constant, precision in data collection at the
time of defining the fan inlet facing the vineyard canopies), it was decided that an
estimate of the average behaviour of the airflow when the fan inlet moved in three
different sections (Figure 5): previous zone (from z = 0.0 to z = 0.4 m) called Z1,
central or Z2 (from z = 0.4 m to z = 0.8 m) and posterior or Z3 (fromz =0.8 toz=1.2

m), be made.
[Insert Figure 5]

The estimated total mean velocities were characterized analogously as in the static test.
The turbulent intensities were estimated following Eq. (3).
The resistance that the vegetation presents to the sprayer airflow can be characterized

by a drag coefficient C, (-). To obtain this value, the methodology proposed by Da
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Silva et al. (2006) was used, who applied it in an experiment with an axial fan sprayer

and artificial vineyards:

UTxa

Ca=giln72), @

Urxp
where L (m) is the depth of the canopy, o is the leaf area density (m? leaf m- canopy),
Ur» the mean horizontal air velocity prior to canopy penetration (in this case, B and
C) and Uy, after the vegetation (A and D).

The final results obtained between the static and dynamic tests were compared. The
data compared were the air velocities for the static experiment and those for the central
zone in the dynamic test. Variation between velocity magnitudes, angles between the
vectors, and drag coefficients and differences between intensities and drag coefficients

were calculated.

3. Results and Discussion
3.1  Static assays

Total mean velocities

For all posts, Uy decreased with height (Figure 6). The horizontal component had the
largest value. The influence of Uz, was predominant in the area closest to the ground;

however, the importance to the component Uy, reduced as the height increased.

[Insert Figure 6]

The air velocities registered before crossing the canopies (posts B and C) decreased
between the lowest (0.5 m) and the highest (2.0 m) points. The maximum velocity

between these posts was observed on the right side (post C) at 0.5 m. The same trend was
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observed on at 0.8 m on the left side (post B). In addition, post B, the velocities increased
again at 1.7 m. In general, the velocities were always higher the left side owing to the
counter-clockwise direction of the fan, which provided more energy to the airflow on this
side.

After the airflow passed through the canopies, the velocity values were very close to each
other on both sides of the sprayer at all heights. The losses produced by the vegetation
decreased the energy of the air. Furthermore, the airflow was found to exhibit a more
symmetrical behaviour than those at post B and C. This is also observed in the values of
Ur at each post in Table 1. This similarity, which is also observed above the canopies,
could be interesting from the point of view of the lower boundary layer of air. This could
indicate that the influence of the airflow of the fan on the droplets over the canopies was
very similar on both sides, despite the differences before going through the canopies. In
addition, this behaviour after the canopy contrasted with the differences obtained in posts
B and C, especially in higher points. It could suggest that, for this range of velocities, the
effect of the vineyard on the air was not noticeable at the canopy entrance, unlike other
crops with higher density such as citrus (Salcedo et al., 2015). In this way, it is necessary
to deep in the interaction between air velocity and vegetation to determine which is the
minimum value to cross the vegetation to ensure a good penetration of the airflow into
the vineyards without negative effects on the droplets penetration or the drift above the
canopy as indicated Balsari et al., (2008) and Triloff (2015).

Another point of discussion is that the velocities were larger in B than in C, while
measurements with the propeller anemometer in the fan outlet, to calculate the air volume
rate, recorded the biggest values in the right side of the sprayer. However, only one plane

velocities are being measured (z = 0.6 m). Several works have shown the high variability
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of airflow behaviour when studying air in different parallel planes (Salcedo et al., 2015;
Triloff, 2016; Van de Zande et al., 2017). Probably, if the air velocities in other parallel
planes were included, it would be observed how the right side was bigger. For future
works more parallel planes should be included. In addition, the fan asymmetry should
also be considered. It could be that the anemometer was not facing the main airflow in
the same way on each side. This asymmetry could also be affected with the presence of
the suction zone in front of the air outlet. Personal experiences with conventional sprayers
showed that static airflow has a positive Uz, component. The air reverse system could be
intensifying this component, diverting more airflow to the tractor and increasing the
differences in measurement on both sides. Thus, the inclination of the plane of the airflow
outgoing of the fan to the central axis of the machine (x = 0) in a static test should be

defined in news field assays.

Table 1. Values of the velocity magnitudes in each post during the static assay.

Magnitude velocity Values (m s)
Post A Post B Post C Post D
Total mean 4.7 13.1 9.0 49
Standard deviation 1.5 2.8 2.7 1.7
Maximum 10.1 21.8 18.8 11.9
Minimum 1.7 54 2.6 1.5
Mode 4.3 12.3 9.3 4.9
Plane XY

The airflow direction on both sides of the machine (Figure 7) was always similar: The
airflow advanced in the direction of the vegetation, oriented towards the ground, then
went up the first third of the height of the canopy where the air ascended. The data were

displayed in Fig, 6 and Table 1. The airflow on the left side of the fan was more intense
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than those on the right side; however, after crossing the canopies, they had a more similar

profile. The predominant influence of Uy, was also displayed.

[Insert Figure 7]

The vegetation resistance was not large enough to produce an airflow separation, in which
case vortexes around the canopies are formed, as in the case for other crops such as orange
trees (Salcedo et al., 2015), in which vegetation is denser and the canopies have a larger
diameter. No screen effect on the air was observed, unlike in denser crops such as orange
trees, where the airflow moves towards the atmosphere owing to difficulty in crossing the
vegetation.

On the other hand, the airflow behaviour in front of and behind the canopies did not
completely coincide with the results obtained by Da Silva et al. (2006) in a similar
vineyard setting. Although in that experiment Uz, was also positive, the velocities formed
a depression in the section coincident with the height of the canopy. These differences
were confirmed by Da Silva et al. (2006). The authors in the aforementioned study
worked with a lower average velocity range (7.0 m s!) than that in the present work
(Table 1), with the airflow focused directly on the vegetation, and with a larger canopy

diameter (L = 0.7 m).

Plane 7Y

The Uy vectors always presented a positive Uz, component in all the positions (Figure 8).
In both sides, the airflow was not parallel to the plane coincident with the air fan outlet (z
= 0.6 m). In addition, the airflow reflected that it was oriented to the direction of the

sprayer before or after the vegetation.
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[Insert Figure 8]

Considering posts B and C, the velocities on the right side were found to be more intense
than on the left side. This reinforced the hypothesis that the air was more aligned with
the anemometer on one side than on the other. In addition, the suction zone of the air
reverse system was probably intensifying the velocities Uz.. On the other hand, in A and
D, the effect of the vegetation was not enough to cause changes in the airflow direction

after the canopy.

Turbulence intensity

The I intensities displayed an opposite profile from the velocities (Figure 9). The sections
where the velocities presented the highest values coincided with the area in which the
turbulent intensity was the lowest. This could be explained because, given the constant
airflow produced by the fan within the stationary regime, the higher the velocity at a point,
the lower the effect of the fluctuations on the average velocity. The most unstable areas,
which had a higher value of /7, were located above the canopy, which was the area of

with the greatest risk, considering the spray drift.

[Insert Figure 9]

In Fig. 9, the intensities before the vegetation were similar at 0.5 m. However, the
intensities increased differently between posts B and C. This indicates that the turbulence

of the air was not similar on both sides of the fan. The intensity in the post C continued
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to increase above the vegetation, while it fell again in the post B. The airflow on the right
side became more unstable as the height and distance from the machine increased.

After the vegetation, the /7 intensities exhibited a similar profile on both sides of the
machine with the behaviour of UT as shown in Fig. 5. The most stable zone on both sides
was between the heights of 0.5 m and 1.1 m. However, when reaching the upper part of
the canopy from 1.4 m, I; increased at a faster rate coinciding with the absence of
obstacles in front of the airflow. The vegetation could be producing losses in air velocity,
which meant that the fluctuations were also smaller, which resulted in a decrease of their

influence over the average air velocity.

Drag coefficient

The calculated drag coefficient C, in the canopies for the artificial vegetation was 0.24
on the left side and 0.16 on the right side. This difference in value between canopies
coincided with the largest velocities recorded on the left side. The higher the velocity
gradient between the inlet and the outlet of the canopy, the higher the drag coefficient,
indicating that the vegetation produced more losses on the left side than on the right side.
Da Silva et al. (2006) indicated that the typical values range between 0.1 and 0.5. In their
experiment, C; = 0.3. Considering this information, it was concluded that the values
obtained during the field tests corresponded to those expected in this case. Thus, it was

considered that the artificial canopies had resistance similar to real vegetation.
3.2 Dynamic assays

Total mean velocities

When the fan outlet was in zone Z1, the Uy velocities at z = 0.6 m were lower than those
obtained for the static test (Figure 101). However, the maximum values measured in A at

2.0 m and in B at 1.4 m were probably produced by the influence of the sprayer airflow.
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Both posts were on the left side, which was the side having the most intense velocities in
the static test (Figure 7). On the contrary, the velocities behind the canopy in C, which
were more exposed to the suction phenomena of the fan, were higher than in D (Table 2).

The horizontal component Uy, was predominant in these values.

[Insert Figure 10]

In the central part (zone Z2), Ur, followed the main component in Uy. The velocities
detected in B were up to four times higher than those measured from 0.8 m in the other
posts (Figure 10ii). The maximum value occurred at a height of 1.1 m, as obtained in the
static test, and then started descending. However, the maximum velocity recorded was
50% lower than Uy measured in the static test.

On the contrary, all velocities in C were lower than 2.0 m s’!, as indicated in Table 2,
except at 1.1 m, where the biggest value was registered, as that in B. These data seemed
to reflect the asymmetry that can be detected at the fan outlet during the pesticide
treatment. This could mean that the droplets coming out of the nozzles on either side of
the machine do not receive the same amount of energy from the air flow. This aside,
behind the canopy, U7 continued to descend below 2.0 m s! as in Z1.

In the last part (zone Z3), the behaviour of Urin B was reversed (Figure 10iii). There was
minimum Uy at 1.1 m, and then it went up to 6.0-8.0 m s*! between 1.7 m and 2.0. The
outgoing flow at the same height coincident with the fan was more intense than in Z2.
The data in Z3 suggested that the movement of the sprayer was displacing the airflow
toward the direction opposite to the advance. For this reason, the sprayer airflow influence

was detected in the next zone Z3. In contrast, the velocities in A increased similarly to
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541  those of B in Z2 due to the increase in the vertical component Uy, On the right-side
542  canopy, the maximum value of Urabove 10.0 m s-! was detected in C at 1.1 m, while for
543  the rest of the points, the velocities did not decrease from 4.0 m s!. In D behind the
544  canopy, the values were bigger than those observed in Z2, although there was a minimum
545  ataheight of 1.1 m, contrary to the case of C. Therefore, the airflow on the right side did

546  not seem to follow a uniform structure.
547 Table 2. Total mean velocity magnitudes in each post during the dynamic assay

Values (m s)

Magnlfude Post A Post B Post C Post D
velocity

721 72 723 721 72 73 721 72 73 71 72 73
Total mean 09 12 31 15 46 52 13 16 7.7 07 08 34
Standard deviation 0.7 1.1 22 09 48 42 03 21 57 03 09 27
Maximum 36 64 110 74 205 191 20 137 226 16 63 103
Minimum 01 01 06 05 06 10 08 06 02 03 02 0.1
Mode 04 17 18 12 22 33 14 11 134 09 07 5.0

548

549  To explain why the velocities measured in Z3 were bigger than in Z1 and Z2, it can
550 consider different factors such as the air reverse system, with the suction zone closer to
551  the tractor than the fan outlet, the forward speed of the sprayer, influencing on the
552  velocities variation as it was indicated in other works (Delele et al., 2005; Triloff, 2011;
553 Gu et al., 2012) or the resistance of the vegetation, as it was considered in CFD
554  simulations (Endalew et al., 2010; Hong et al., 2018). In this way, it is necessary to carry

555  out more test to estimate the influence level of these factors.

556  Spraver airflow characterization

557  Plane XY
558  When the fan was located at Z1, the XY velocity vectors demonstrated different

559  behaviours on both sides of the sprayer (Figure 111). On the right side, the vectors of UTx
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and Ur, always moved toward the fan. As the suction zone was ahead of the fan outlet,
this could be conditioning the airflow in D and, more intensively, in C. On this side, the
presence of the canopy itself was not enough to produce an airflow separation and form
turbulent structures around it.

On the contrary, on the left side in both posts, the airflow reflected the same
characteristics: the vectors were oriented opposite to the fan at the highest points and were
changing their directions towards the machine as the height was reduced. This behaviour
is typical when a vortex appears (counter-clockwise in this case). There were two
vortices—one before and one after the vegetation—probably due to the separation of
airflow generated by the presence of the canopy since the airflow was not strong enough
to overcome the resistance.

The presence of these turbulent structures on one side but not on the other side was caused
by the asymmetrical air output of the moving equipment. On the other hand, the negative
values of Ur, in B and, mainly, in C could be affected by the suction zone in front of the

fan air outlet.

[Insert Figure 11]

In Z2 (Figure 11ii), the Ur, on the left side progressed towards the vegetation. The
resistance of the vegetation was not sufficient as to produce turbulent structures around
it. However, it was observed that the vectors in A had less presence in the height
coincident with the canopy. The vegetation produced velocity and pressure losses on the
airflow. Meanwhile, turbulent structures before and after the canopy were recorded on C

and D, with Uy, changing with respect to the height. At this instance, the outgoing flow
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on the right side was not measured in the plane z = 0.6 m yet. This turbulent behaviour
resembled with that observed on the left side in Z1, with turbulent formations around the
canopy before receiving the main air jet. In addition, this asymmetric behaviour suggested
that the droplets coming out of the nozzles received a different influence from the air on
both sides.

With the air outlet in Z3 (Figure 11iii), the velocity vectors on both sides left the sprayer
towards the vegetation. The Uy, was positive at the upper part of B and negative at 0.5 m.
These results, next to the velocity magnitudes shown in Figs. 10ii and 10iii, seemed to
reinforce the three-dimensional (3D) behaviour of the sprayer airflow, as indicated by
Delele et al. (2005), due to several parameters such as the presence of obstacles or the
forward speed. The vectors obtained suggested that the airflow would leave the fan and
form a 3D structure like a regular hollow half-cone, which would expand as the machine
advanced, while the airflow from the medium height of the fan would move away from
the machine. In this case, the outgoing airflow expanded at 0.5 m and 2.0 m and moved
away from the fan, as shown from the vectors with higher magnitudes in A. This
hypothesis was reinforced with the CFD simulations on applying treatments to trees with
sprayers, performed by Endalew et al., (2010b). The simulations reflected an isosurface
to present the air jet with a shape that matched with the results obtained for the dynamic
experiments conducted in this study.

However, it should be taken into account that all these turbulent structures are produced
considering a hypothetical continuous row such as in vineyard trellis. It would be
interesting to compare these results not only with real vegetation but also with other types

of crops, such as vineyards in hedge, especially for Z1 and Z3.
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Plane 7Y
The velocity vectors ZY in Z1 showed that U, was lower than Uy, and Uy, (Figure 12i).

This indicates that the flow from the fan in this position flowed very perpendicular to the
machine. As in the static assay (Figure 8), Uz, was positive in A, B and D, while it was
negative in C. The movement of the sprayer reinforced the asymmetric behaviour of the
fan with respect to the static test. Probably this was due to air suction phenomena,
produced by the air reverse system of the fan, and the scarce presence of the air outgoing
of the fan in that post. If in the static assay the air left the fan in the direction of the
sprayer, in the dynamic experiment the airflow moved in the opposite direction in C. The
difference between C and D indicated that the influence of the fan was still low, as
suggested by the data in the Figure 11i. In addition, the vectors were more intense on the

left side, where vortices in XY were present, than on the right side of the sprayer.

[Insert Figure 12]

In the central zone Z2, a similar behaviour for U, was observed, except in B, where the
magnitude of the velocities increased and where all the vectors had the same direction
coincident with the larger flowing air volume in XY (Figure 11ii). The vectors in A, B
and D moved in the same direction as in the static test (Figure 8). However, the vectors
in all the posts were smaller than those in the static test, probably explained by the
deviation of the airflow to the back part and the dissipative effect produced by the
movement and the interaction with the air currents around the sprayer, as in the XY plane

(Figure 1111).
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Finally, the Uy, vectors in B in Z3 were observed to change the direction from the bottom
to top (Figure 12iii), which indicates that the airflow became closer to the machine as the
height of the post increased, while in C, vectors were always in the direction opposite to
the advance of the sprayer. The field data after the canopies suggested that the airflow
dissipated earlier on the right side than on the left, as reflected by the variation in the

direction of the vectors in D with respect A.

Turbulence intensity

In Z1, the lowest turbulence intensities occurred in the posts on the right side (Fig. 131),
where the Uy vectors exhibited a more stable behaviour (Fig.111i and 121). This shows that
the airflow was in the horizontal direction towards the sprayer. In contrast, /7 reached the
highest values on the left side, where there were vortices before and after the vegetation.
It means that the magnitude of the fluctuations exceeded the average velocity in these
points.

When the sprayer was in the central part Z2, the I/ values became larger than those in Z1
(Figure 13i1). The highest values were measured in C and D, where vortices were present
(Figure 111). The increase in velocity on the left side coincided with the increment of the
fluctuations in the airflow. The increase of the mean velocities was lower than the enhance
of the fluctuations. Thus, posts C and D during Z2 presented the most turbulent behaviour

during the trials.

[Insert Figure 13]

In Z3, the maximum values on the right side were registered at the upper and inner points

of the posts (Fig. 13iii). The airflow seemed more stable along the height coincident with
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the fan, where the velocity was higher (Fig. 10iii). In A and B, I decreased with respect
to Z2. Therefore, the airflow leaving the fan on the right side showed fewer fluctuations
in this area.

Anyway, future works using anemometers with higher frequency, and more passes and
measurement points, are necessary to study in greater depth the turbulent behaviour of

the airflow, especially during the movement of the sprayer.

Drag coefficient

When the fan was located in Z2, C; was similar on both canopies: 0.17 in the left and
0.19 in the right canopy. In the dynamic test, the velocity gradients were reduced although
the behaviour of the velocity vectors on either side of the canopy differed (Figure 111ii).
This could be because the Uy velocities were smaller considering the magnitude in the
dynamic assay (Table 2) and the differences between velocities were smaller on each side
of the vegetation. Even so, these values were still within the usual range in the literature

(Da Silva et al., 20006).

3.3. Comparison between static and dynamic assays

Magnitudes

Taking Z2 as a reference for the comparison of the dynamic and static tests data, the Uy
velocities in the posts before crossing the vegetation showed a similar tendency in B on
the left side of the sprayer (Figure 6 and 10ii) and reached a maximum at 0.8 m. However,
in C of the dynamic assay, Uy reached 2.5 m s’! (Table 2), while it reached more than
15.0 m s'! in the static test (Table 1). There were more similarities in values in both posts

in Z3.
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After the canopies, the velocities above the vegetation in A were similar. However, the
velocities in the dynamic experiment were up to three times lower than those in the static
one. The same trend was observed in D. In the static test, the Ur components increased
until they reached a maximum and then decreased. In the dynamic assay, they were lower
although stable within the 0.4-2.0 m s! range. In addition, as in the static test, the
velocities in A and D were closer to each other above the vegetation.

The results showed that the sprayer airflow, considering the velocity magnitude,
resembled more the static test in Z3 than in Z2. In this case, Uy, although the lowest
component, played an important role because its behaviour could determine how the
airflow could be reflected in the central plane of the fan.

Table 3 shows how the magnitude of the ZY vectors deviated between 37% (A) and 76%
(B) between the static and dynamic assay (Fig. 8 and 12ii). During the static test, the
magnitudes were larger. But, during the dynamic assay magnitudes were lower, which
implies that the outgoing sprayer airflow was more aligned with the plane z= 0.6 m during
the static experiment.

These differences are concordant with those of De Moor et al., (2002), Garcia-Ramos et
al., (2012) and Gu et al., (2012) who described a decrease in the magnitudes of the static
experiment in comparison with dynamic assay, being more noticeable with increasing
forward speeds. Thus, as Table 3 indicates, the movement of the sprayer reduce the air
velocity at the canopies, according with the observed in other studies (Delele ef al., 2005;
Triloff, 2011). This should also motivate to the manufacturers to evaluate if it is logical
to design the airflow of the fan considering only the parameters of the crop and not the

forward speed of the sprayer. Therefore, future works to carry out more dynamic trials
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are necessary to estimate the relation between the forward speed and the air velocities

considering the characteristics of the crop and the sprayer.

Table 3. Average deviation rate of the magnitudes of the XY and ZY vectors of the
dynamic test (Z2) with respect to the static assay.

Average deviation (%)

Pl
ane Post A Post B Post C Post D
XY 77.6 65.3 76.1 87.0
YZ 9.2 68.3 75.2 76.3

Angles between vectors

The biggest differences between vectors Uy in the XY plane were produced on the right
side (Table 4), as shown in Figs. 7 and 11ii. The airflow on the left side of the fan (posts
A and B) moved away from the equipment while the velocity vectors moved towards the
vegetation and inclined towards the atmosphere as the height of each post increased. Even
the differences were smaller if the values at 1.1 m and 0.5 m in posts A and B,
respectively, were not considered. With respect to the most stable flow in the static test,
the vortices detected in C and D explained the differences greater than 100°.

Likewise, in the ZY plane, the highest angles between vectors were also in C and D, while
the smallest differences occurred against the left side of the fan. On the other hand,
differences with respect to the static assay were lower in B and C than in the plane XY.
It could be because the air reverse system was reducing the effect of the movement of the
sprayer on the direction of the airflow, more oriented to the driving direction than the

back compared with a conventional axial fan sprayer.
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Table 4. Average angles between the XY and ZY vectors of the dynamic test (Z2) with

respect to the static assay.

Average angle (°)

Plane
Post A Post B Post C Post D
XY 40.7 37.6 103.0 119.1
YZ 51.5 35.5 81.9 136.5

Turbulence intensity

Comparing Figs. 9 and 13ii, in the static test the intensities decreased as the velocities
increased in magnitude, whereas in the dynamic test this did not happen, especially in Z2.
Therefore, it seemed that the movement of the equipment resulted in more instability to
the airflow. The data indicated that the fluctuations in the dynamic assay increased
proportionally to the average velocity. Nevertheless, the influence of the vegetation
length in this work must be taken into account. Future work is needed to observe the

turbulent behaviour of airflow in longer vineyard rows.

Drag coefficient

The drag coefficient in the left canopy was reduced by 30% when shifting from static to
dynamic, while in the right it increased by approximately 20%. The decrease in the air
velocity magnitude during the dynamic assay and the behaviour of Ur, did not seem to
affect the coefficients on both sides of the fan when the sprayer was moving. On the other
hand, the drag coefficients in the dynamic experiment were more similar to each other.
The resistance offered by the canopies on both sides could then be considered equal. In
these assays seemed that the drag coefficient influence on the airflow was approached on

both sides of the sprayer, especially with the ability of vegetation to divert the airflow
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into the surrounding air. On the other hand, it is necessary to new assays comparing the
drag coefficient with rows longer than 1.2 m to eliminate possible edge effects of this

artificial canopy.

4. Conclusions
A static and dynamic study of the airflow produced by a sprayer with an axial fan and an
air reverse system was carried out using artificial canopies of vineyards. Ultrasonic
anemometers were successful in characterizing sprayer fan airflows.
The results showed that when the sprayer was working in a static position, airflow on
both sides of the equipment came from the machine and crossed the vegetation, with the
turbulence intensity decreasing as the air velocities increased. In addition, the air velocity
vectors, were slowed down by the vegetation. But before crossing the canopies, the
vectors XY (plane perpendicular to the sprayer) were more intensive on the left side and
vectors ZY (parallel to the sprayer) on the right side. Airflow presented positive
components in X-axis (to the vegetation) and Z-axis (to the sprayer). In the case of the
component Z, the suction zone of the air reverse system could be affecting.
With the sprayer in motion, the air velocity magnitude was reduced, and turbulent
structures were generated around the vegetation. The biggest velocity vectors in XY
coincided with the vectors in opposite direction to the sprayer in ZY. The asymmetry
increased and the outgoing airflow on the right side was not in the same plane as the one
on the left side. The outgoing airflow manifested more in the direction opposite to that of
the advance of the sprayer.
In the field experiments it was found that, after crossing the vegetation when the canopy

received the direct airflow, the air velocity vectors moved in a similar magnitude and
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direction. This suggested that the risk of lower boundary layer of air and the influence on

the displacement of the pesticide droplets could be similar to both sides of the sprayer,

despite the asymmetry of the air leaving the fan.

Regarding the turbulence intensity of the air, in the static test, the areas with the highest

air velocity had a lower turbulence intensity but it was not fulfilled in the dynamic test.

The movement of the sprayer had a direct effect on the turbulence intensity and the

variability increased with the velocity of the airflow.

During the static and dynamic tests, the drag coefficients presented similar values in both

canopies. This could mean that their ability to influence the trajectory of airflow,

especially those that could not pass through the vegetation and be diverted to the
surrounding air, was similar on each side of the fan.

It is necessary to continue working on the descriptive analysis of the airflow by:

e defining the inclination of the plane of the airflow outgoing of the fan to the central
axis of the machine (x = 0) in a static test;

e increasing the frequency of anemometers, to deepen the dynamic behaviour of the
airflow, and the number of passes during the dynamic experiment to confirm the
hypotheses obtained here. Additionally, other aspects such as the variation of the
distance of the fan to the canopies, the length of the vegetation, fan speed, PTO,
airflow rate or the forward speed of the sprayer should be further examined. The
resolution of the measurement grid, including more planes in Z-axis, acquisition time,
and the number of passes required should also be defined;

¢ studying the interaction between air velocity and vegetation to determine which is the
minimum value to cross the vegetation to ensure a good penetration of the airflow

into the vineyards without negative effects on the efficiency of the treatment;
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e comparing the results with other prototypes of air-assisted sprayers and different

crops such as vineyards in hedge.
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Figure captions

Figure 1. Schematic of the artificial canopies with dimensions.

Figure 2. Axial fan sprayer between the artificial canopies during the trials.

Figure 3. Schematic of the static airflow test: plan view of the layout of the measuring
points (i) and elevation view of the fan position with respect to the canopies (ii).

Figure 4. Plan view of the layout of the measuring points during the dynamic field
tests.

Figure 5. Zone divisions characterizing the dynamic field test.

Figure 6. Total mean velocities magnitudes and standard deviation between repetitions at
both sides of the fan before and after the canopies during the static assay in the plane of
the air outlet of the fan (z = 0.6 m).

Figure 7. Air velocity vectors in the XY-plane during the static assay. Distance in meters
(m).

Figure 8. Air velocity vectors in the ZY-plane during the static assay. Vectors were
showed post by post, considering the presence (or none) of an obstacle behind the post.
Distance in meters (m).

Figure 9. Total mean turbulence intensity and standard deviation between repetitions on
both sides of the fan before and after the canopies during the static assay.

Figure 10. Total mean velocity magnitudes and standard deviation between repetitions on
both sides of the fan before and after the canopies in the dynamic assay during (i) the first
third on entering, (ii) the middle third, and (iii) the last third before leaving the canopies.
Figure 11. Air velocity vectors in the XY-plane in the dynamic assay during (i) the first
third on entering, (ii) the middle third, and (iii) the last third before leaving the canopies.

The vortices were marked.
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Figure 12. Air velocity vectors in the ZY-plane in the dynamic assay during (i) the first
one-third of the height of the canopy on entering, (ii) the middle one-third of the height
of the canopy and (iii) the final one-third of the height of the canopy before leaving the
canopies. Distance is in meters.

Figure 13. Total mean turbulence intensities and standard deviation between repetitions
in the dynamic assay in (i) the first third of the height of the canopy on entering, (ii) the
middle third of the height of the canopy and (iii) the last third of the height of the canopy

before leaving the canopies.
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