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Abstract: The objective of the research was to assess the outcomes on the spray patterns produced
by the different feasible adjustments of two different air blast sprayers and one mist blower sprayer,
commonly employed for treatments to Apulian “tendone” vineyards. The spray profiles of these
machines and the respective refinements affected by the alteration of the available adjusting devices
were evaluated using a test bench, suitably set up for calibrating the sprayers used inside such vines.
The air blast sprayers, compared with the mist blower model, have a better chance to match the spray
pattern and the canopy profile of the “tendone” vines. Furthermore, the left-right asymmetry of the
spray profile is reduced only in the case of sprayers with two counter-rotating fans, under certain
operating conditions. Conversely, the symmetry index worsens with the activation of the fan in the
case of the air blast sprayer fitted with a single fan either with or without the air deflectors. The mist
blower sprayer develops lower drawbacks, in terms of left-right asymmetry of the spray profile,
even if the high “stiffness” of the spray profile makes this sprayer not particularly suitable to the
changing needs of the canopy of the “tendone” vineyards. The obtained results, even if related to the
analyzed sprayers, can represent an original base of reference to set up guidelines for the adjustment
of sprayers used for treatments inside “tendone” vineyards, very useful for the officially authorized
Apulian workshops to make sprayers inspection and calibration.

Keywords: air blast and mist blower sprayers inspection; adjustment spray profile; “tendone”
trained vineyard

1. Introduction

The European Directive [1] pertinent to the sustainable use of pesticides states, among other
topics, that pesticide application equipment in professional use must be inspected at regular intervals.
In Italy the inspection of sprayers in use became mandatory after the adoption of the National Action
Plan (NAP) that has incorporated into the national legislation the aforesaid EU Directive. According to
the NAP, a more accurate and appropriate sprayer adjustment can be made from time to time in the
official authorized workshops as a complement to the sprayer inspection [2]. The sprayer adjustment
is then an operation that shall be made at the end of the functional inspection and it has to be carried
out for each crop type and situation present on the farm, or at least for the most representative ones.
A correctly adjusted sprayer guarantees that the spray mixture is addressed to the target, minimizing
the risks for the environment (e.g., spray drift) and for consumers [3–6]. Conversely, in order to
improve the efficiency of plant protection product (PPP) applications, the sprayer adjustment must
be in agreement with the crop growth stage [7–9], the pesticide formulation [10–12], and the specific
morphological characteristics and canopy patterns of the vineyard [13–20]. One of the main and crucial
steps to adjust sprayers for bush and tree crops is represented by the evaluation of the spray profile,
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an operation carried out through suitable test benches that allow the verification of the spray plume
matches the target canopy profile [21–23]. In this connection, the international standards which guide
the sprayers’ inspections state that beyond the checks of the pressure drop, uniformity of the spray
jet, and the flow rate measurements, further information may be supplied to the owner/operator,
evaluating the vertical spray distribution through a vertical patternator, even if the test method and
vertical patternator specifications are still under development [24]. A test bench purposely designed
for the calibration of air blast and/or mist blower sprayers employed in Apulian “tendone” vineyards
was set up at the Department of Agricultural and Environmental Science of the University of Bari Aldo
Moro [25,26]. Apulia (Southern Italy) is Italy’s leading region for table grape production, with a yield
of about 6.5 × 108 kg, accounting for 61% of the total Italian production [27], and the most common
vine training system used for table grapes is an overhead canopy supported by a trellis system, called
“pergolato” or “tendone”. This trellis comprises a high stake at each vine with two orthogonal steel
wires attached 1.7–1.8 m above ground level, and a grid of steel wires supporting the shoots. Each vine
has a 1.2–1.4 m high trunk, with two branches and two fruit-bearing shoots per branch, aligned
orthogonally or parallel to the grid.

Air-assisted sprayers fitted with an arc-shaped spray boom and mist blower sprayers fitted with
air shear nozzles placed inside fixed or adjustable air diffusers, trailed by a narrow-track wheeled
tractor [28], are usually used for PPP applications in these Apulian vines. Mist blower sprayers
equipped with device for the electrostatic charge of the spray are also employed for the application of
biostimulants for grape bunch growth [29,30].

A significant characteristic of the “tendone” vineyards is that only the lower side of the canopy
is directly exposed to the spray during application of PPPs and then their action is strongly affected
by the spatial distribution of the canopy (in terms of height, depth, leaf density, and discontinuity
along the rows) and of the grape bunches [31]. Furthermore, a noticeable variability of the target
(shape and volume of the canopy, spatial distribution of the bunches), due above all to the winter
pruning operations (number and orientation of the fruit-bearing shoots) and green pruning operations
(frequency, intensity and mode of leaf thinning) takes places within the table grapes “tendone”
vineyards. Consequently, the sprayers must be adjusted so that the plume spray can penetrate correctly
inside the canopy, avoiding non-uniform deposition, over dosage, off-target spray, and environmental
pollution [32]. Finally, special care is ordered in terms of the procedure of PPP distribution, as no
washing phase is included in the processing chain of table grapes from harvesting to commercialization.
Therefore, it needs to avert volumes per hectare, as well as droplet populations and plume profiles
likely to damage the appearance and the marketability of grapes (visible residues on grapes and/or
residues levels however exceeding those allowed for each chemical employed). The adjustment,
focused to the adaptation of the spray profile to the specific morphological and geometric characteristic
of the “tendone” vineyards for table grapes, is then essential for the employed sprayers in order to
maximize their performance and the effectiveness of the distributed PPPs [33].

Keeping in mind the aforementioned, the goal of this research has been to assess the outcomes on
the spray patterns produced by the different feasible adjustments of two different air blast sprayers,
basically distinct from each other for the characteristics of the fan and mist blower sprayers. The spray
profiles generated by these machines, and the respective refinements affected by the alteration of the
available adjusting devices, were evaluated using the aforementioned test bench, suitably set up for
calibrating the sprayers employed in such vineyards.

The obtained results, even if related to the analysed sprayers, can represent an original base of
reference to setup guidelines for the adjustment of sprayers used for treatments inside “tendone”
vineyards for table grapes, which is very useful for the officially authorized Apulian workshops to
conduct sprayer inspections and calibrations.



Sustainability 2016, 8, 1307 3 of 18

2. Materials and Methods

2.1. The Sprayers

The air blast sprayers are the Carrarospray “ATD800” (O.C.L.L. Manufacturer, Padua, Italy)
and Carrarospray “ATP800” (O.C.L.L. Manufacturer, Padua, Italy) and the mist blower sprayer is a
Carrarospray “NTF600” (O.C.L.L. Manufacturer, Padua, Italy) were considered for the evaluation of
the spray profiles at the test bench and the pertinent outcomes produced by their feasible adjustments.
These sprayers were chosen on the market among the typologies commonly used by Apulian growers
for treatments inside “tendone” trained vines. The main technical characteristics were:

• Carrarospray ATD800 (Figure 1a), equipped with a 600 L main tank and two counter-rotating
axial fans (diameter 700 mm, fans axis height above the ground 730 mm) with an anterior
intake. The first fan is counter-clockwise rotating, whereas the second one is clockwise-rotating.
At 57 rad/s rotation speed of the tractor power take-off (PTO), beyond the idle position, the air
flow rate was 54,000 m3/h at the highest gearbox ratio of the fans, and 42,260 m3/h as the lowest.

• Carrarospray ATP800 (Figure 1b), equipped with a 600 L main tank and single axial fan (diameter
700 mm, counter-clockwise rotation, the fan axis height above the ground is 740 mm) with a rear
intake. Air deflectors were mounted onto the output section of the fan, each one placed at the
middle between two adjacent nozzles. The same gearbox ratios were available and at the 57 rad/s
rotation speed of the PTO, the air flow rates were, respectively, 54,000 m3/h and 42,260 m3/h,
beyond the idle position.

• Carrarospray NTF600 (Figure 1c), equipped with a 600 L main tank and centrifugal fan (diameter
500 mm, counter clockwise rotation, the fan axis height above the ground is 740 mm); two adjacent
spray head diffusers both having about 90◦ arch shape, each with six deflection nozzles
(φ = 1.8 mm) in place. At the 57 rad/s rotation speed of the PTO, beyond the idle position,
the air flow rate was 32,000 m3/h with the highest gearbox ratio of the fan, and 23,600 m3/h
with the lowest. Furthermore, the overall flow rates discharged by the six simultaneously
switched-on nozzles of each diffuser at the operative pressure of 0.3 MPa changed within the
range 85–989 L/min and this adjustment took place by means of a control system constituted by a
flow rate valve fitted with a wheel closely connected to a metal pointer moving on a graduated
scale. Two separate control systems then allow the independent adjustment of the nozzle flow
rates discharged by the two diffusers.
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The two air blast sprayers were substantially similar and the main difference was that the first
one was equipped with two counter-rotating fans, whereas the second one was equipped only with
a single fan. All of the fans had, in turn, the same diameter, number of blades, and rotating speed;
consequently, the air flow rates were exactly the same, taking into account that the air flow rate is
usually calculated based on the strength of the fluid conditions at the fan intake [34,35]. Furthermore,
for both of the sprayers, the arc-shaped spray boom was fitted with 5 + 5 double outlet rollover nozzle
bodies, each one including a φ (diameter) 0.8 mm tip and a blank core on one end, and a φ 1.2 mm tip
and a blank core on the other end (Figure 2). Furthermore, each spray tip had three open positions: the
first one was obtained with the nozzle body placed in the same direction as the notch on the retainer
cap (hereafter, the central position, i.e., 0◦), the other ones, with detent at ±15◦, respectively, from
this direction.
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Figure 2. Tri-dimensional shape of the spray produced by the tip coupling with the blank core.

Preliminary measurements included the flow rate of each nozzle of all the sprayers under
tests, which was determined by the amount of liquid discharged during a working time of 60 s.
Measurements were replicated three times for each sprayer setting (spray tip and core for the air blast
sprayer, nozzles for the mist blower sprayer) and average values were assumed as reference [36]. Flow
rates were calculated with a measurement error of less than ±2.5% of the true value [24].

The evaluations pertinent to the air blast sprayers were executed employing brand-new nozzles
at the operative pressure of 2 MPa. Furthermore, according to the technical standard [24], it was also
verified that at the aforementioned operative pressure, the flow rate of each nozzle did not deviate by
more than 5% from the mean flow rate of the all nozzles mounted on the sprayer.

Conversely, the evaluations concerning the mist blower sprayer were executed, employing
brand-new nozzles at the operative pressure of 0.3 MPa, pressure usually used by the Apulian vine
growers for this typology of sprayer. This pressure value was measured at the manometer of the
sprayer, placed on the plumbing system, upstream of the control systems. Additionally, in this case it
was substantiated that, at this operative pressure, the flow rate of each nozzle did not deviate by more
than 5% from the mean flow rate of all the nozzles mounted on the sprayer [24].
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2.2. The Test Bench Used for the Assessment of the Spray Distribution Profiles

The test bench purposely set up for calibration of sprayers employed in “tendone” vineyards
is substantially composed by a patternator arranged on a road trailer for ease of transport
operations [25,26] (Figure 3). The patternator is a droplet interceptor consisting of a horizontal, oblique,
and vertical metal profile so as to represent part of the “tendone” vineyard canopy, including part of
the vine trunk. Its schematic section with the main sizes is depicted in Figure 3. The supporting frame
is made with 20 × 20 × 2 mm stainless steel square tube, on which 15 intercepting tools are assembled.
Each of these is formed by a set of thin steel sheets 1450 mm long assembled so that the intercepted
water droplets slide along their surface, flowing into a stainless steel drip.

The fifteen drips, fixed with a mutual distance of 150 mm are connected by means of drain pipes
to corresponding Plexiglas containers with a capacity of about 600 mL arranged inside a stainless steel
measure test bench (Figure 3). This measure bench encapsulates the 16 Plexiglas containers (one is for
back-up), each one, in turn, hydraulically linked to a corresponding pressure transducer to measure
the volume of liquid inside it (Figure 3).

The pressure transducers (Druck PTX1400 (RS Components Ltd., Northants, UK)) have measuring
range of 0–10 kPa and accuracy of ±0.15% (full scale). Sixteen ball valves, driven through a rod, allow
at once the draining of the liquid in the containers at the end of each measure. Finally, an electric cable
connects the measure bench to a laptop equipped with a data acquisition card (National Instrument
DAQ-Card 700) and an ad hoc software allows the assessment of the amount of liquid inside each
container and the real time evaluation of the distribution profile of the sprayer.
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During the measurements, the sprayers were stationery and the patternator simulated the
“tendone” canopy. Taking into account the average geometrical sizes of the Apulian “tendone”
vineyards (vines planted with a layout of about 2.30 m × 2.30 m and a height of the canopy above the
soil of about 1.90 m), the height of the horizontal trait of the patternator was placed at 1.90 m above
the soil and the distance between axis sprayers and vertical trait was set at 1.15 m, corresponding to
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half the inter-row distance of the vineyard (Figure 4c). The recovery efficiency of the patternator was,
on average, 73% [25]. Figure 4c shows an outline of the patternator obtained through three segments
on which the locations of the interceptors are reported and numbered.
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Figure 4. (a) Carrarospray ATD800 and ATP800—Opened positions, available through the rotation of
the nozzle bodies: central, clockwise (+15◦) and counter clockwise (−15◦); (b) Carrarospray NTF600
model—Numbering of nozzles: 1–5 starting from the topmost, with “l” or “r” accordingly, as placed
on the left- or the right-hand side of the machine; (c) outline of the patternator with the locations
and numbering of the interceptors (sizes in cm); numbering of the nozzles mounted on Carrarospray
ATD800 and ATP800; and (d) outline of the patternator to set up organic distribution diagrams with
the new numbering of the interceptors (sizes in cm).

The spray profile was obtained considering the percentage of liquid Ii collected by every
interceptor, calculated through Equation (1):

Ii =
Qi

∑15
i=1 Qi

× 100 (1)

where Qi is the amount of liquid collected by the ith interceptor.
Furthermore, taking into account the positions of the interceptors and comparing them with

the aforementioned average geometrical sizes of the Apulian “tendone” vineyards, the distribution
patterns of both sides of the sprayers were combined to obtain an organic straightforward distribution
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diagram, as shown in Figure 4d. Practically, this total liquid profile was set up considering the amount
of liquid Qi collected by the ith interceptor (ith = 1 to 11) of each side of the sprayer and adding
the quantity of liquid Qi accumulated by the ith interceptor (ith = 12 to 15) of the left side to the
corresponding one collected by the ith interceptor (respectively, ith = 15 to 12) of the right side, as
reported in Table 1. Respecting the overlap of these interceptors, a new numbering of the interceptors
has been then considered (Table 1 and Figure 4d). The resulting distribution pattern was obtained
considering the percentage of liquid I′i collected by every interceptor, calculated with Equation (2):

I′i =
Qi

∑26
i=1 Qi

× 100 (2)

where Qi is the amount of liquid collected by the ith interceptor.

Table 1. Numbering of the interceptors used for the total profile patterns, considering the overlapping
of the interceptors from 12–15 of both sides of the sprayer.

New Numbering 1 2 3 4 5 6 7 8 9 10 11 12 13

left side 1 2 3 4 5 6 7 8 9 10 11 12 13
right side 15 14

New Numbering 14 15 16 17 18 19 20 21 22 23 24 25 26

left side 14 15
right side 13 12 11 10 9 8 7 6 5 4 3 2 1

Conversely, the spray percentage symmetry index SI of the distribution pattern was determined
by the following Equation (3) [37]:

SI =
∑15

i=1
∣∣Ii,r − Ii,l

∣∣
n

(3)

where Ii,r and Ii,l are the percentage amount of liquid collected in the ith interceptor, respectively placed
on the right and left of the sprayer.

2.3. The Experimental Design

The experimental design of the air blast sprayers took into account the combinations of different
feasible adjustments which included the inclination of the nozzle bodies, the disc hole of the spray
tips, and the air flow rates. The inclination of the nozzle bodies was measured with respect to the
sprayer retailer’s arrangement (central position, 0◦). Starting from this basic position the two opened
positions were considered, available by the rotation of the nozzle body, respectively clockwise (+15◦)
and counter clockwise (−15◦), for an observer looking at it from the rear of the sprayer (Figure 4a).
For both the sprayers, the evaluations of the distribution profiles at the patternator, were carried out
considering only the 4 + 4 nozzles, from 1–4 starting from the topmost nozzle, indicated with “l” or
“r” according as placed on the left- or the right-hand side of the machine, at an operative pressure of
2 MPa (Figure 4c).

In detail, the 18 combinations obtained through the following adjustments were considered for
the Carrarospray ATD800:
• Two spray tips:

φ 0.8 mm tip and blank core;
φ 1.2 mm tip and blank core;

• Three angular positions of spray tips with 4 + 4 nozzles simultaneously switched on:

A: central position (0◦);
B: counter-clockwise rotation (−15◦) of the four nozzle bodies placed on the right side and
clockwise rotation (+15◦) of the four nozzle bodies placed on the left side;
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C: clockwise rotation (+15◦) of the four nozzle bodies placed on the right side and
counter-clockwise rotation (−15◦) of the four nozzle bodies placed on the left side (Figure 3a);

• Three air flow rates:

0 m3/h (idle fan);
42,120 m3/h (fan first speed);
54,000 m3/h (fan second speed).

Conversely, eight combinations were analysed for the Carrarospray ATP800, produced by the
means of the following adjustments:

• Two spray tips:

φ 0.8 mm tip and blank core;
φ 1.2 mm tip and blank core;

• Two angular positions of spray tips with 4 + 4 nozzles simultaneously switched on:

B: counter-clockwise rotation (−15◦) of the four nozzle bodies placed on the right side and
clockwise rotation (+15◦) of the four nozzle bodies placed on the left side;
C: clockwise rotation (+15◦) of the four nozzle bodies placed on the right side and
counter-clockwise rotation (−15◦) of the four nozzle bodies placed on the left side (Figure 4a);

• Two air flow rates:

0 m3/h (idle fan);
54,000 m3/h (fan, second speed).

Furthermore, in order to evaluate the effectiveness of the air deflectors on the Carrarospray
ATP800, sprayer, the aforementioned eight combinations were carried out either with these devices
mounted, as required by the manufacturer, and without them.

The idle fan was considered as further operative condition, taking into account that several vine
growers carry out agrochemical treatments to “tendone” vineyards without air assistance in the early
phenological stage, due to the close range between the target and the nozzles.

The Carrarospray ATD800 and Carrarospray ATP800 alike, for each of the aforementioned
combinations, the spray profiles were assessed considering (Figure 4c):

• each spray tip, one by one switched on; and
• the spray tips placed on each side of the machine simultaneously switched on.

The experimental design of the Carrarospray NTF600 took into account the combinations
of different feasible adjustments, which included the nozzle flow rates and the air flow rates.
The evaluations of the spray profiles at the patternator, were carried out considering only the
5 + 5 nozzles, from 1–5 starting from the topmost nozzle, indicated with “l” or “r” according as placed
on the left- or the right-hand side of the machine, at an operative pressure of 0.3 MPa (Figure 4b).

In detail, the four combinations obtained through the following adjustments were considered:

• Two air flow rates:

23,600 m3/h (fan first speed);
32,000 m3/h (fan second speed).

• Two nozzle flow rates on the average discharged by both the diffusers:

4.10 L/min (Qmb1);
9.20 L/min (Qmb2).
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Qmb1 was selected to evaluate the outcomes on the spray distribution profile produced by the
minimal overall feasible nozzles flow rate (extreme operative condition). Conversely, the highest
nozzle flow rate Qmb2 was chosen taking into the considered the inter-row length (2.3 m), the volume
rate V (400 L/ha), and the forward speed v (1.67 m/s) on the average employed by the Apulian
wine-growers for treatments in “tendone” vineyards for this sprayer typology. Therefore Qmb2 was
calculated with the following basic Equation (4):

Qmb2 =
V× v× i

167
=

400× 1.67× 2.3
167

= 9.20 L/min (4)

The evaluations at the patternator were executed only considering the retailer’s nozzles
arrangement because the sprayer did not allow other quick and easy changes of their angular positions.

For each combination, the spray profiles were evaluated considering:

• each nozzle, one by one switched on; and
• the nozzles placed on each side simultaneously switched on.

For all the sprayers under test, the assessments at the patternator pertinent to each combination
were replicated three times and average values were assumed as reference. Naturally, the patternator
was positioned first at the left, and then at right, of the stationery sprayers.

3. Results and Discussion

3.1. Measure of the Nozzle Flow Rate

The results concerning the flow rates discharged by the nozzles of the Carrarospray ATD800 at
the operative pressure of 2 MPa are depicted in Figure 5a. All of the nozzles used for the assessment
of the distribution profiles at the patternator complied with the respective standard because none of
the single flow rates disagree with the average values by more than 5%. These operative conditions
also took place for the nozzles employed on the Carrarospray ATP800 at the aforementioned working
pressure. The effective mean and overall flow rates discharged by the nozzles mounted on the air blast
sprayers under test are reported in Table 2.

On the other hand, some drawbacks were pointed out during the evaluations of the flow rates
discharged by the nozzles of the Carrarospray NTF600, caused by discrepancies among the measured
flow rates and the corresponding ones outlined by the metal pointer on the graduated scale of the
control system for both the diffusers. Furthermore, once again for both of the diffusers, the modification
of the number of the switched-on nozzles caused fluctuations of the operative pressure and, therefore,
adjustment of the flow rate valve was necessary to restore the pressure at 0.3 MPa. Nonetheless,
the results pertinent to the flow rates discharged by the nozzles of the NTF600 are shown in Figure 5b.
Considering the operative condition connected to Qmb1, at 0.3 MPa, the mean nozzle discharged flow
rate was 0.47 L/min and all the nozzles, except 2l and 2r, marked with a star in Figure 4b, did not
comply with the standard because they diverged from this value by more than 5%. The effective
overall nozzles flow rate corresponding to Qmb1 was then 4.70 L/min. Instead, taking into account
the operative condition corresponding to Qmb2, at 0.3 MPa, the mean nozzle discharged flow rate was
0.89 L/min and also in this case several nozzles (3 l, 1 l, 1 r, 3 r,4 r), marked with a star in Figure 4b,
did not comply with the standard. The effective overall nozzles flow rate corresponding to Qmb2 was
then 8.92 L/min. In conclusion, the flow rates produced by the nozzles of each diffuser of the tested
mist blower sprayer have never been uniform in any selected operative condition.
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Table 2. Measured flow rates discharged by the nozzles mounted on the air blast sprayers under test.

Air Blast Sprayer Tip Hole φ Mean Flow Rate Overall Flow Rate
mm L/min L/min

Carrarospray ATD800 0.8 1.18 9.40
1.2 2.03 16.23

Carrarospray ATP800 0.8 1.20 9.60
1.2 2.03 16.21

3.2. Symmetry Index of Distribution Diagrams

It is known that the left-right asymmetry of the spray patterns represents a drawback for the
traditional air blast sprayers fitted with only one axial fan and that the manufacturers modify the
rotation of the nozzles, or by the addition of tower diffusers, or deflectors to straighten the air flow,
or a second counter-rotating fan. It is also known that this latter solution is, among others, the most
effective but, at the same time, the most expensive in terms of purchasing and operating costs of the
sprayer. Tests performed at the patternator confirmed that the spray symmetry index SI concerning
the Carrarospray ATD800 (two counter-rotating fans) can decrease under certain operating conditions
or increase under other ones (Figure 6a).

In particular, the index SI significantly decreases with the activation of the fans and/or the increase
of their rotation speed, with the nozzle bodies placed at the central position (0◦): with the φ 0.8 mm
tips, SI is 19.1%, considering the idle fans, while reducing to 10.1%, or even 2.7%, with the activated
fans, respectively, at the first speed (42,260 m3/h) or at the second speed (54,000 m3/h). Conversely,
with the φ 1.2 mm tips, SI is 27.0% with the idle fans, while reducing to 15.9% or 13.3% when activating
the fans, respectively, at the two selected speeds (Figure 6a). The other operative conditions, obtained
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by combining the selected angular position of the nozzle bodies and tip hole diameters with the
switched-on fans, differently affects the boost or lowers the symmetry index even if, in large part,
the SI values are close or a little higher than the 15% limit, fixed by the Italian technical standard for
the adjustment at the patternator of the sprayers in use [32].
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Figure 6. Sprayer symmetry index of the distribution profile between left and right sides:
(a) Carrarospray ATD800; (b) Carrarospray ATP800; and (c) Carrarospray NTF600. A: central position
(0◦) of the 4 + 4 active nozzles; B: sprayer right side: counter-clockwise rotation (−15◦) of the nozzle
bodies, sprayer left side: clockwise rotation (+15◦) of the nozzle bodies; C: sprayer right side: clockwise
rotation (+15◦) of the nozzle bodies, sprayer left side: counter-clockwise rotation (−15◦) of the nozzle
bodies. Qmb1 and Qmb2: nozzle flow rates selected for the NTF600.

The indices SI pertinent to the Carrarospray ATP800 (single axial fan) are close or lower than
the fixed limit when the fan is in the idle position. Considering the B case, i.e., –15◦ rotation of the
nozzle bodies placed on the right side and +15◦ rotation of the nozzle bodies on the left side of the
sprayer, the SI index is, respectively, 11.0% with the φ 0.8 mm tips and 11.1% with the φ 1.2 mm tips
(Figure 6b). These values are lower than the corresponding ones registered with the Carrarospray
ATD800: 20.1% (+83%) with the φ 0.8 mm tips and 16.1% (+45%) with the φ 1.2 mm tips (Figure 6a).
These divergences are probably due to the different locations, reciprocal space, and basic orientation
of the nozzle bodies on the arc-shaped booms of the two sprayers. Taking into account the C case,
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i.e., +15◦ rotation of the nozzle bodies placed on the right side and –15◦ rotation of the nozzle bodies
located on the left side of the sprayer, and considering once again the fan in the idle position, the SI
index pertinent to the ATP800 becomes, respectively, 8.9% with the φ 0.8 mm tips and 15.7% with the
φ 1.2 mm tips (Figure 6b). This is probably due the same aforementioned reasons. Additionally, these
values are not comparable with the corresponding ones registered with the Carrarospray ATD800:
14.2% (+60%) with the φ 0.8 mm tips and 12.4% (−21%) with the φ 1.2 mm tips (Figure 6a).

The activation of the fan of the ATP800 fitted with the air deflectors produces a general worsening
of the spray symmetry; in the B case, considering the φ 0.8 mm tips, the SI index is 18.7%, with a rise of
+70% compared with the corresponding idle position; conversely, taking into account of φ 1.2 mm tips,
the SI index is 14.3%, with a rise of +29% against the corresponding idle position (Figure 6b). However,
the turning effect of the air stream causes a dramatic deterioration of the spray symmetry when the
ATP800 is unsupplied by the air deflectors. With these operative condition, in the B case, SI is 29.6%
(gain +169% against the idle position) with φ 0.8 mm tips and 32.9% (gain +196% against the idle
position) with φ 1.2 mm tips. An analogous situation take place in the C case: SI is 26.7% (rise +200%
against the idle position) with φ 0.8 mm tips and 28.5% (rise +81% against the idle position) with
φ 1.2 mm tips (Figure 6b). Therefore, for the typology of air blast sprayers fitted with a single axial fan,
provided or not with air deflectors, the right-left spray asymmetry correction requires adjustments
basically aimed to counter the turning effect of the air stream generated by the fan and the adjustment
at the patternator is very crucial for these sprayers.

Finally, the SI indices pertinent to the NTF600 are well below the fixed limit in every examined
operative condition. The lowest SI values were obtained using the highest nozzle flow rate: 7.3% with
23,600 m3/h of the air flow rate and 8.2% with 32,000 m3/h. These indices are very similar, having a
percentage deviation of 12%, (Figure 6c). Additionally, with the lowest nozzle flow rate the symmetry
indices are satisfactory. This behavior is probably caused by the canalization of the air stream through
the diffusers that allows equalizing the spray plume, even in the presence of the aforementioned
nozzles’ flow rate irregularities.

3.3. Outcomes on the Spray Profile Due to Angular Positions of Nozzles and Their Placement on the Boom

Each nozzle of the air blast sprayers according to its location on the arc shape boom and the
adopted angular position of the nozzle body is able to spray a specific position of the patternator,
which corresponds to a well-defined area of the target, during the agrochemical treatments. Almost
all of the target portions of “tendone” vineyards can be sprayed by modifying the angular positions
of the second and third nozzle bodies pertinent to the right and left sides of both of the sprayers
(Carrarospray ATD800 and Carrarospray ATP800). For example, the outcomes produced by the change
of the available angular positions of the second nozzle body placed on the left side of the ATD800 are
depicted in the graphs of Figure 7, obtained through Equation (1).

Furthermore the distribution profiles are significantly different according to whether the
fan (Carrarospray ATP800) or fans (Carrarospray ATD800) are switched on or deactivated (idle).
The outcomes due to the combinations of the angular positions of the nozzle bodies and their location
on the arc shape booms strictly affect the quickness/simplicity to match the spray pattern with the
canopy profile, as well as the risk to nourish the "off-target" losses. This quickness/simplicity to adjust
the spray profile is also connected both to the geometric characteristics of the “tendone” canopy and
the technical features of the air blast sprayers [32].

The main geometric characteristics of the “tendone” canopy can be summarized as follows:
the vegetative-productive area is placed on a horizontal plane at about 1.80–2.00 m above the soil level;
the target width is equal to the inter-row distance (2.00–2.50 m), or double in the case of treatments
on alternate rows; the fruit-bearing area is placed over the entire width of the inter-row (plants with
four fruit-bearing shoots orthogonally aligned to the grid) or arranged to the sides of the inter-row
(plants with two, three, or four fruit-bearing shoots parallel aligned on the grid). Conversely, even if
the air blast sprayers are fitted with a high number of nozzles, only 3 + 3, or 4 + 4 nozzles, starting
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still from the topmost ones, are usually simultaneously switched on for treatments to the canopies
of “tendone” vines. The sprayers adjustment must then be carried out, duly selecting the angular
positions of these nozzle bodies so that each working tip can spray towards the right intercepting
tools of the patternator (Figure 4c). Nonetheless, the outcomes on the spray profiles produced by the
adjustments carried out on the sprayers under test highlighted that the few available angular positions
of the nozzle bodies made the calibration process arduous, especially in the case of 3 + 3 switched on
nozzles. The use of nozzle bodies that allow a greater number of available angular positions would
certainly facilitate the adjustment of the sprayer using the patternator.
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The risk to nourishing the “off-target” losses is linked to the amount of liquid collected by the
intercepting tools placed downwards (1 and 2 in Figure 4c), i.e., those ones located at 95–110 cm
above the soil and then well below the canopy and the productive area of the “tendone” vines [28].
The assessment of the spray profiles produced by both the air blast sprayers pointed out that,
in a greater or lesser proportion, the nozzles 4l and 3l (when −15◦ rotated) and 4r and 3r (when
in +15◦ rotated) (Figure 4c) would be responsible for the “off-target” losses.

Some examples of the total liquid profiles measured at the patternator, obtained through
Equation (2) and pertinent to the B and C cases, are reported in Figure 8 for Carrarospray ATP800 and
Carrarospray ATD800, respectively. In particular, they were set up considering the φ 1.2 mm tips for
both the sprayers, the activated fan for the Carrarospray ATP800, equipped with the air deflectors, and
the activated fans, at the second speed, for the Carrarospray ATD800.



Sustainability 2016, 8, 1307 14 of 18

Sustainability 2016, 8, 1307 13 of 17 

The risk to nourishing the “off-target” losses is linked to the amount of liquid collected by the 
intercepting tools placed downwards (1 and 2 in Figure 4c), i.e., those ones located at 95–110 cm above 
the soil and then well below the canopy and the productive area of the “tendone” vines [28]. The 
assessment of the spray profiles produced by both the air blast sprayers pointed out that, in a greater 
or lesser proportion, the nozzles 4l and 3l (when −15° rotated) and 4r and 3r (when in +15° rotated) 
(Figure 4c) would be responsible for the “off-target” losses. 

Some examples of the total liquid profiles measured at the patternator, obtained through 
Equation (2) and pertinent to the B and C cases, are reported in Figure 8 for Carrarospray ATP800 
and Carrarospray ATD800, respectively. In particular, they were set up considering the  1.2 mm tips 
for both the sprayers, the activated fan for the Carrarospray ATP800, equipped with the air deflectors, 
and the activated fans, at the second speed, for the Carrarospray ATD800. 

 
Figure 8. Spray profiles of Carrarospray ATP800 and ATD800. B: Sprayer right side: counter-
clockwise rotation (−15°) of the nozzle bodies, sprayer left side: clockwise rotation (+15°) of the nozzle 
bodies; C: sprayer right side: clockwise rotation (+15°) of the nozzle bodies, sprayer left side: counter-
clockwise rotation (−15°) of the nozzle bodies (values in percent). 

The outcomes on the spray profiles obtained with the B configuration, i.e., −15° rotated the 
nozzle bodies placed on the right side and +15° rotated the nozzle bodies on the left side of the 
sprayer, are different for the two sprayers. In particular, further to the Carrarospray ATP800, a 
significant amount of liquid is shown on the vertical traits of the patternator, on average 45.2% of the 
total intercepted by the patternator; whereas only the 33.1% is highlighted on the oblique traits and 
21.7% on the horizontal trait (Figure 8). Furthermore, on this horizontal trait the spray has been 
collected only by the interceptors close to the oblique traits as the ones from 11–15 are set to zero 
(Figure 4d and Figure 8). With reference to the Carrarospray ATD800, the spray distribution among 
the different traits of the patternator is almost uniform: 34.3%, 27.2%, and 38.5% are the percentage 
of allocation of the total collected liquid among the vertical, oblique, and horizontal traits, 
respectively. Both of the spray profiles show amounts of liquid collected by the intercepting tools 
placed downwards, below the canopy and productive area of the “tendone” vine (1, 2, 25, and 26 in 
Figure 4d). As already said, this amount can nourish the risk of “off-target” losses; nevertheless, it is 
also plausible that a fraction of this off-target loss goes on the canopy of the adjacent inter-rows and 
then it does not represent a ground loss [33]. 

Figure 8. Spray profiles of Carrarospray ATP800 and ATD800. B: Sprayer right side: counter-clockwise
rotation (−15◦) of the nozzle bodies, sprayer left side: clockwise rotation (+15◦) of the nozzle bodies;
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The outcomes on the spray profiles obtained with the B configuration, i.e.,−15◦ rotated the nozzle
bodies placed on the right side and +15◦ rotated the nozzle bodies on the left side of the sprayer,
are different for the two sprayers. In particular, further to the Carrarospray ATP800, a significant
amount of liquid is shown on the vertical traits of the patternator, on average 45.2% of the total
intercepted by the patternator; whereas only the 33.1% is highlighted on the oblique traits and 21.7%
on the horizontal trait (Figure 8). Furthermore, on this horizontal trait the spray has been collected only
by the interceptors close to the oblique traits as the ones from 11–15 are set to zero (Figures 4d and 8).
With reference to the Carrarospray ATD800, the spray distribution among the different traits of the
patternator is almost uniform: 34.3%, 27.2%, and 38.5% are the percentage of allocation of the total
collected liquid among the vertical, oblique, and horizontal traits, respectively. Both of the spray
profiles show amounts of liquid collected by the intercepting tools placed downwards, below the
canopy and productive area of the “tendone” vine (1, 2, 25, and 26 in Figure 4d). As already said,
this amount can nourish the risk of “off-target” losses; nevertheless, it is also plausible that a fraction
of this off-target loss goes on the canopy of the adjacent inter-rows and then it does not represent a
ground loss [33].

The trend of the spray profiles of the two sprayers, concerning the C configuration, i.e.,
+15◦ rotated nozzle bodies placed on the right side and −15◦ rotated nozzle bodies located on the
left side of the sprayer, are comparable even if the respective amount of spray along the traits of the
patternator are different (Figure 8). Both the distribution profiles highlight a noticeable lowering of the
quantity of spray along the vertical traits of the patternator, on average 18.1% for the Carrarospray
ATP800 and 14.6% for the Carrarospray ATD800 of the total. Again, it should increase the foliar
spray deposition in the adjacent rows, when not intercepted by the grape bunches. Along the
oblique traits, the spray is, on average, 27.9% for Carrarospray ATP800 and 22.8% for Carrarospray
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ATD800 of the total and, finally, along the horizontal trait, the quantity of liquid is respectively 54.0%
(Carrarospray ATP800) and 62.6% (Carrarospray ATD800).

The total liquid profiles obtained at the patternator, such those of Figure 8, must be compared
with the “reference profiles”, suitably set up according to the information provided by the owner/user,
the only of aware of the growth characteristics of the canopy of the “tendone” vineyard interested by
the sprayer to be adjusted [32]. Each “reference profile” is strictly connected to the specific target of
the pesticide treatment and then it must be developed on the strength of the physical features of the
“tendone” vineyard; that is, the spatial layout of the branches and the fruit-bearing shoots per branch,
and its morphological characteristics, such as the minimum and maximum heights of the vegetation,
the depth of the canopy, the minimum and maximum heights of the fruit-bearing area, the width of
the fruit-bearing area, and so on [33]. These morphological characteristics appreciably change in the
different phenological phases and then it is necessary to assess the “reference profile” with respect to
the vegetative and productive profile of the vineyard in the most critical periods, in terms of intensity
and danger of pests [11].

The spray profiles at the patternator produced by the 5 + 5 nozzles simultaneously switched on
of the Carrarospray NTF600 pointed out a substantial uniformity of distribution, also confirming the
aforementioned contracted right-left asymmetry for all of the analysed combinations. Clearly, then,
the positive action of the airstream, channeled by the diffusers that rectify the non-uniform nozzles’
flow rates emerges. For example, the spray profile pertinent to the combination obtained considering
the fan second speed (32,000 m3/h) and the Qmb2 nozzle flow rate (4.5 L/min) is depicted in Figure 9a.
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Conversely this diagram highlights amounts of liquid collected by the intercepting tools placed
downward (1 and 2 in Figure 4c) that are linked to “off-target” losses, and this drawback has suggested
to search for the responsible nozzles among the 5 + 5 switched on. Therefore, the spray diagrams
produced by each nozzle, one by one switched on, allow for affirmation that the nozzles 5l and 5r
(Figure 4b) would be responsible of the “off-target” losses and the leakage of mixture during the
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treatments. As a consequence, the employment of 4 + 4 nozzles or at most 3 + 3 nozzles simultaneously
switched on, would eliminate these losses as shown, respectively, in Figure 9b,c.

4. Conclusions

The foregoing remarks relate to the outcomes produced by the feasible adjustments of the sprayers
under test. Nevertheless, they allow the formulation of some general observations that can be expanded
to similar typologies of sprayers when used for treatments to the canopy of “tendone” vineyards.

Air blast sprayers:

• compared with the mist blower model, have a better chance to match the spray pattern with the
canopy profile of the “tendone” vines;

• the left-right asymmetry of the spray profile is reduced only in the case of sprayers with
two counter-rotating fans, operating at high speed, under certain operating conditions;

• the symmetry index is influenced by the hole size of the nozzles and their angular positioning;
• the symmetry index worsens with the activation of the single fan either with or without the air

deflectors even if, in this last case, the deterioration produced by the turning effect of the air
stream is very marked;

• regardless of the interference of the sprays, the two lower-positioned nozzles, when rotated
outward, would be potentially responsible for the off-target losses; and

• the optimum air blast sprayer for treatments to “tendone” vineyards should include
two counter-rotating fans and 3 + 3 simultaneously switched-on nozzles, mounted on arc-shaped
booms having a higher radius of curvature.

Mist blower sprayer:

• it develops lower drawbacks, in terms of left-right asymmetry of the spray profile;
• the high “stiffness” of the spray profile, which cannot be corrected because there are no devices

for quick and easy adjustments, making this sprayer not particularly suitable to the changing
needs of the canopy of the “tendone” vineyards;

• the use of 5 + 5 simultaneously switched on nozzles— the currently adopted solution—increases
the “off target” losses caused, in particular, by the outer nozzle (left and right); and

• the optimum mist blower sprayer for treatments to “tendone” vines should include the possibility
to adjust the spray profile.
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