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Abstract 

Within the H2020-project OPTIMA, the goal is to develop three smart sprayers for 

carrots, vineyards, and apple orchards, based on existing sprayers from CAFFINI and 

Pulverizadores FEDE. These smart sprayers will actuate different nozzle types, 

sprayer settings and adopt variable rate application control, based on optimal selection 

of spray parameters, canopy and disease characteristics, together with the integration 

of innovative drift reducing technologies in order to minimize losses to the environment. 

The developed sprayers will be evaluated in commercial fields in France (carrots), Italy 

(vineyards), and Spain (apple orchards).  

 

This report describes the performance of the drift reduction technologies that were 

considered within this project, i.e. spray configurations (nozzle type, nozzle distance, 

nozzle configuration, spray height) and parameters (spray pressure, fan settings, air 

flow rate, air velocity). The measurements included spray droplet characterization, air 

flow pattern, and (potential) spray drift assessment for the selected crop-disease-PPP 

combinations in laboratory, semi-field and field conditions. 
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1. Introduction 

 

Since the early 1960’s, global agriculture has been heavily reliant on the use of synthetic Plant 

Protection Products (PPP) for pest management. However, the use of conventional chemical 

PPPs can have significant negative effects on the environment and human health. Reducing 

the negative effects of pesticide application is therefore worldwide a major environmental and 

societal concern.  

A more sustainable pest management could be achieved through alternative plant protection 

products (PPPs) (both biological as more efficient synthetic PPPs), decision support systems 

for disease prediction, early disease detection systems, and optimized spraying technologies 

for site-specific and precise PPP application. The Horizon 2020 project OPTIMA (OPTimised 

Integrated pest MAnagement for precise detection and control of plant diseases in perennial 

crops and open-field vegetables, Grant Agreement N. 773718) aims to develop an 

environmentally friendly Integrated Pest Management (IPM) framework by providing a holistic 

approach which includes all of the abovementioned elements. The project focuses on 3 plant 

diseases that annually damage high-value crops and demand high amounts of fungicides to be 

applied in numerous spraying applications, i.e. Alternaria leaf blight in carrots, grape downy 

mildew, and apple scab.  

 

To accomplish the overall objective, the project has been divided in several work packages 

(WP). These include: 

WP1: Community building and user requirement analysis. 

WP2: Advanced methods for prediction and early detection of plant diseases. 

WP3: Combined synthetic and biological PPPs application and assessment of host and 

PPP resistance mechanisms. 

 WP4: Development and optimization of innovative spraying technologies. 

 WP5: Pilot testing of developed technologies. 

WP6: Human health, environmental and socio-economic Life-Cycle Assessment & 

Risk Assessment 

WP7: Dissemination, communication & exploitation 

WP8: Project management 

 

This report focusses on the work performed in WP4, more specifically Task 4.2. The goal of 

WP4 is to develop 3 prototype smart sprayers (for carrots, vineyards, and apple orchards), 

actuating different nozzle types and sprayer settings, and adopting variable rate control based 

on canopy characteristics, pathogen dispersal and disease development provided by, among 

others, the decision support system (DSS) and disease detection system developed in WP2. 

The developed sprayers will be evaluated in commercial fields in France (carrots), Italy 

(vineyards), and Spain (apple orchards) in WP5.  

 

WP4 comprises of 4 tasks (T), linked to 5 deliverables (D): 

T4.1. Define optimal spray configuration and parameters for different crop-disease-

PPP combinations (D4.1). 

T4.2. Develop drift reduction technologies for the different crop-disease-PPP 

combinations (D4.2). 

T4.3. Design and develop smart components for the new sprayers for the use-case 

crops. 

T4.4. Develop smart sprayers for the three crops based on existing prototypes 

(D4.3 - D4.5). 
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This report (D4.2) describes the work performed within Task 4.2. Within this task, spray 

configurations (nozzle type, nozzle distance, nozzle configuration, spray height, etc.) and spray 

settings (spray pressure, fan settings, air flow rate, air velocity, etc.) that were defined to be 

optimal for spray distribution, deposition and coverage within Task 4.1 (as reported in 

Deliverable 4.1), were tested for their drift reduction (potential). Measurements included spray 

droplet characterization, air flow pattern, and (potential) spray drift assessment  for the selected 

crop-disease-PPP combinations in laboratory, semi-field and field conditions. In addition, this 

task included the embedding of the DSS methodology for the prediction of the ideal timing for 

spray application with regard to the meteorological data, developed within Task 2.2, into the 

OPTIMA’s DSS. 

 

In what follows, the three cases are considered separately. Per case, a short description of the 

planting system and crop characteristics of the field plots in WP5 is given. These characteristics 

are necessary for selecting realistic and optimal sprayer settings and configurations. 

Furthermore, the sprayers, as well as the selected configurations and settings (from 

Deliverable 4.1), are described. These include the reference sprayer (i.e. conventional sprayer 

used by the farmers) and the starting point sprayer (i.e. the sprayer subject of improvement 

during the project, in its state at the start of the project). In addition, possible drift reduction 

technologies that were considered within the OPTIMA project are defined. Then, the 

experiments are reported and discussed, and finally, a conclusion on the most promising drift 

reduction technologies to be tested in the field trials in WP5 is given. As there is a lot of similarity 

with what was described in Deliverable 4.1, such as description of the planting system, crop 

characteristics, reference and starting point sprayer, these aspects will not be described in 

detail but rather indicated with a reference to the corresponding chapter in Deliverable 4.1. 

Important aspects on the experimental set-up and results, however, will be repeated in this 

report, for clarity. To conclude, this report also outlines the embedding of the drift methodology 

in OPTIMA’s DSS. Furthermore, this report describes the deposition measurements performed 

on early stage carrot crops in Annex 1. These measurements belong to Task 4.1, and therefore 

Deliverable 4.1, but could not be finished in time due to practical reasons (slower growth of 

carrots in winter). 
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2. Alternaria/carrots case 

2.1 Introduction 

2.1.1 Planting system and crop characteristics 

The same planting system as defined within Task 4.1 and described in Deliverable 4.1 – 

Chapter 2.2, i.e. a bed design with 3 rows of carrots per bed, is considered to assess the drift 

reduction technologies in Task 4.2. A schematic of this design is given in Figure 1. The sprayer 

developments, optimizations and drift reduction technologies can nevertheless also be used 

with other bed and non-bed designs. In this considered design, a carrot bed is 1.83 m wide and 

the inter-bed distance is 0.5 m, thus resulting in a total distance between carrot beds of 2.33 m. 

In total, 9 beds of 2.33 m can be sprayed using a 21 m conventional horizontal spray boom 

(holding 42 nozzles mounted at 0.5 m spacing along the boom).  

 

 

Figure 1: Schematic of carrot bed design (dimensions given in cm). 

 

2.1.2 Sprayer configurations and settings 

The same reference and starting point sprayer settings as considered in Task 4.1 and described 

in Deliverable 4.1 – Chapter 2.3 are considered for the drift trials. An overview of the reference 

sprayer and the starting point sprayer characteristics and settings is given in Table 1. 

The reference sprayer within the carrot case is a conventional horizontal boom sprayer. As 

within this WP no measurements will be performed with a complete sprayer, but with a spray 

boom section instead, no sprayer brand and model are defined. 

The existing field crop sprayer PRESTIGE AIR 2800 L – 21 TPG08 from CAFFINI, is considered 

as the starting point sprayer for the carrot case.  

In addition, the 4 most appropriate nozzle configurations, selected based on the spray 

distribution and deposition measurements described in Deliverable 4.1 – Chapter 2.4.5, are 

considered as optimizations. The most appropriate nozzle height/distance combinations per 

target zone width (ranging from 1.2 to 2.2 m) for these configurations are given in Table 2. As 

can be seen from Table 2, nozzle height and distance were kept equal within these 

combinations, because this is more practical for the farmers in real field conditions. 
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Table 1: Overview of the reference and starting point sprayer settings. 

 Reference sprayer Starting point sprayer 

Sprayer brand & model Standard horizontal boom sprayer CAFFINI PRESTIGE AIR 2800 L – 21 TPG08 

Nozzle type TeeJet XR 110 04 (VS) TeeJet XR 110 04 (VS) 

Nozzle spacing & boom height (m) 0.5 0.5 

Boom width (m) 21 21 

Spray pressure (bar) 3.0 3.0 

Application rate (L/ha) 158 158 

Driving spreed (km/h) 12 12 

Air flow settings No air support 52000 m³/h; 700 mm hydraulic fan; 2200 rpm 

 

Table 2: Appropriate nozzle height/distance (m) per target zone width (m) and 

configuration. 

 Target zone width (m) 

Configuration 1.2 1.4 1.6 1.8 2.0 2.2 

XR8004/XR8004/XR8004/XR8004 0.35 0.40 0.45 0.50 0.55 0.60 

AIUB8504/AI11004/AI11004/AIUB8504 0.40 0.45 0.50 0.60 0.65 0.65 

AI8004/AI8004/AI8004/AI8004 0.35 0.40 0.45 0.50 0.55 0.60 

XR8002/XR8002/XR8002/XR8002 0.35 0.40 0.45 0.50 0.55 0.60 

 

2.1.3 Possible drift reduction technologies of the smart sprayer 

The considered reference and starting point conditions are broadcast spray applications with 

standard TeeJet XR 110 04 nozzles at a spray pressure of 3.0 bar, 0.5 m spray boom height 

and 0.5 m nozzle distance, at 12.0 km/h, corresponding to 158 L/ha (Table 1). The goal of this 

WP is to optimize the applications with the starting point sprayer resulting in better spray 

deposition and coverage, while minimizing the environmental impact (such as spray drift and 

water usage). In this task and deliverable, the focus is on the possible drift reduction 

technologies. The drift reduction technologies that were considered are: 

- Use of reduced volume nozzles (ISO 02 vs. ISO 04 nozzles). 

- Use of drift reducing nozzles (air inclusion TeeJet AI vs. standard TeeJet XR nozzles). 

- Use of narrow angle nozzles (80° vs 110°) and off-center nozzles. 

- Use of variable nozzle distances and spray boom height depending on canopy growth 

stage. 

- Use of air support and optimized air support settings. 
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2.2 Experiments 
 

Annex 1 describes the deposition measurements on early stage carrots. These measurements 

belong to Task 4.1, and therefore Deliverable 4.1, but could not be finished in time due to 

practical reasons (slower growth of carrots in winter) and are therefore reported in this 

deliverable. 

2.2.1 Air flow measurements 

To determine which air velocities are achieved with a Caffini starting point sprayer equipped 

with a Caffini air wing, and which velocities should therefore be simulated in the laboratory 

tests, air flow rate measurements of this sprayer were performed at DISAFA Crop Protection 

laboratory (Turin, Italy) as described in Deliverable 4.1 – Chapter 2.4.1. From the linear 

relationship between air velocity and fan revolution speed, the air velocities to be used in the 

lab tests (varying from 1.2 to 2.6 m/s) were determined.  

 

2.2.2 Droplet size and velocity characteristics 

An overview of the nozzles and spray settings of which the droplet characteristics were tested 

are given in Table 3. Besides the reference and starting point nozzle, the 5 nozzles from the 4 

most appropriate nozzle configurations (Deliverable 4.1 – Chapter 2.4.5) were included. 

Table 3: Overview of nozzles and settings tested on droplet characterization. 

 

Nozzle type + size 
Spray 

pressure 
(bar) 

Flow 
rate 

(L/min) 

Application 
rate (L/ha of 
total ground 
area) at 12 

km/h 

Air support 
setting 

(rev/min) 

Reference nozzle TeeJet XR 110 04 VS 3.0 1.58 158* n.a. 

Starting point sprayer 
nozzle 

TeeJet XR 110 04 VS 3.0 1.58 158* 

0, 
1400, 1750, 

2000 
 

Drift reducing nozzle TeeJet AI 110 04 VS 3.0 1.58 158* 

Off-center drift 
reducing nozzle 

Teejet AIUB 85 04 VS 3.0 1.58 135** 

Narrow angle, 
reference nozzle 

TeeJet XR 80 04 VS  3.0 1.58 135*** 

Narrow angle, reduced 
volume nozzle 

TeeJet XR 80 02 VS 3.0 0.79 68*** 

Narrow angle, drift 
reducing nozzle 

TeeJet AI 80 04 VS 3.0 1.58 135*** 

n.a. = not applicable 
* Broadcast application with 42 nozzles on a 21 m spray boom  
** Bed spray application with 36 nozzles (4 nozzles per bed, incl. 2 off-center nozzles) on a 21 m spray boom  
*** Bed spray application with 36 nozzles (4 nozzles per bed) on a 21 m spray boom 
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The cumulative volumetric droplet size and velocity distribution of the 6 different nozzle types 

spraying at 3.0 bar, 0.5 m spray boom height, and without air support are presented in Figure 

3 and Figure 4, respectively. An overview of the droplet size and velocity characteristics is given 

in Annex 2. The PDPA measurements indicate that the air inclusion nozzles generated the 

coarsest droplet size spectrums (Volume Median Diameter (VMD) = 460, 445, 443 µm for 

AIUB 85 04, AI 80 04, and AI 110 04), followed by the standard ISO 04 nozzles (VMD = 314 

and 300 µm for XR 80 04 and XR 110 04), and the standard ISO 02 nozzle (VMD = 260 µm for 

XR 80 02). The standard ISO 02 nozzle showed the lowest volumetric median droplet velocity 

(vv0.5 = 4.8 m/s for XR 80 02). Within the ISO 04 nozzles, the standard nozzle type always 

generated higher volumetric median droplet velocities than the air inclusion type, in increasing 

order of AI 110 04, XR 110 04, AIUB 85 04, AI 80 04, and XR 80 04 (vv0.5 = 5.1, 5.5, 5.8, 6.5, 

and 8.3 m/s). 

The cumulative volumetric droplet size and velocity distribution of the nozzles AI 80 04, 

AI 110 04, XR 80 02, and XR 80 04 spraying at 3.0 bar, 0.5 m spray boom height, without 

(0 rpm) and with air support (1400, 1750, 2000 rpm) are presented in Figure 5 and Figure 6, 

respectively. In Annex 2 an overview of the droplet size and velocity characteristics is given. As 

for the measurements with a single nozzle without air support, air inclusion nozzles generated 

the coarsest droplet size spectrum, followed by the standard ISO 04 nozzle, and the standard 

ISO 02 nozzle. Within nozzle type, VMD was slightly higher with air support compared to without 

air support, except for XR 80 02, but no clear trends were visible (VMD = 457, 473, 472, 467 

µm for AI 80 04; 445, 456, 455, 456 µm for AI 110 04; 320, 337, 336, 337 µm for XR 80 04; and 

262, 264, 261, 263 µm for XR 80 02 at 0, 1400, 1750, and 2000 rpm, respectively). Within 

nozzle type, the volumetric median droplet velocity consistently increased with increasing air 

support, except for XR 80 04, although even than velocities were considerably higher with than 

without air support (vv0.5 = 6.9, 7.1, 7.9, 8.4 m/s for AI 80 04; 5.5, 6.2, 7.1, 7.4 m/s for AI 110 04; 

5.5, 6.4, 7.2, 7.9 m/s for XR 80 02; and 8.4, 11.2, 11.0, 11.4 m/s for XR 80 04 at 0, 1400, 1750, 

and 2000 rpm, respectively). Although these measurements were more or less static, and 

therefore the air stream would interact less with the spray fan than compared to field conditions 

where the sprayer drives at larger speeds, a similar trend of increased droplet velocities with 

increased air support is to be expected in the field. 
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Figure 3: Cumulative volumetric droplet size distribution for different nozzles spraying 

at 3.0 bar, 0.5 m spray height and without air support. 

 

 

Figure 4: Cumulative volumetric droplet velocity distribution for different nozzles 

spraying at 3.0 bar, 0.5 m spray height and without air support. 
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Figure 5: Cumulative volumetric droplet size distribution for AI 80 04, AI 110 04, 

XR 80 02, and XR 80 04 spraying at 3.0 bar, 0.5 m spray height, without (0 rpm) and with 

air support (1400, 1750, 2000 rpm). 

 

 

Figure 6: Cumulative volumetric droplet velocity distribution for AI 80 04, AI 110 04, 

XR 80 02, and XR 80 04 spraying at 3.0 bar, 0.5 m spray height, without (0 rpm) and with 

air support (1400, 1750, 2000 rpm). 
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2.2.3 Potential spray drift measurements 

Potential spray drift measurements were performed by INRAE (formerly known as Irstea) at 

Montpellier, France, using the same spray boom prototype used to carry out the deposition 

measurements on a carrot crop described in Deliverable 4.1 – Chapter 2.4.6 (Figure 7). It is a 

self-constructed boom sprayer composed of an air-assisted boom fitted with 4 nozzles whose 

spacing and height can be adapted. 

 

Figure 7: Experimental spray boom with air assistance. 

Based on the inquiry on common practices by carrot growers (WP1), the forward speed was 

set to 12 km/h and was kept constant during all tests by defining the adequate setting of the 

gearbox and the revolution speed of the engine (forward speed calibration was determined on 

a flat track of 25 m). Nozzle flow rates were determined by individual calibration (Figure 8). The 

fan revolution speed was set in order to provide an air flow of maximum 8 m/s (obtained at 

50 Hz using a frequency controller) and minimum 4 m/s (obtained at 30 Hz) at the outlet of the 

air sleeve (Figure 8). These conditions allowed a residual air speed of 1.2 and 2.6 m/s at 0.5 m 

under the sleeve outlet, as measured for the Caffini starting point sprayer (Deliverable 4.1 - 

Chapter 2.4.1) and simulated during the droplet characterization measurements (Chapter 2.2.2 

and Deliverable 4.1 - Chapter 2.4.4).   

 

Figure 8: Nozzle flow rate measurements (left) and air flow calibration at different 

positions under the short spray boom (right). 
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The potential spray drift of five spray nozzle configurations, defined by the spray distribution 

measurements performed at ILVO (Deliverable 4.1 - Chapter 2.4.5), was determined for the 

most appropriate nozzle height/distance for a target zone width of 2.2 m, i.e. 60 cm (Table 7), 

except for the reference broadcast application, which was assessed at 50 cm nozzle height and 

distance. The configurations were tested at different air support settings, resulting in 13 different 

spray settings. An overview of the tested spray settings is given in Table 7. Each spray setting 

was replicated 3 times, resulting in 39 potential spray drift experiments.  

Table 7: Spray configurations and air support settings tested for potential spray drift. 

Setting Nozzles (N) Comment 

Air 

support 

(m/s) 

Nozzle 

height/distance 

(cm) 

Application 

rate  

(L/ha)a 

1 XR 110 04 (4) 

Reference 

broadcast 

application 

0 50/50 158 L/hab 

2 

XR 80 04 (4) 

Narrow spray 

angle reference, 

band spray 

application 

0 

60/60 135 L/hac 3 4 

4 8 

5 

AI 80 04 (4) 

Drift reducing 

narrow spray 

angle, band spray 

application 

0 

60/60 135 L/hac 6 4 

7 8 

8 

XR 80 02 (4) 

Narrow spray 

angle, low 

volume, band 

spray application 

0 

60/60 68 L/hac 9 4 

10 8 

11 

AIUB 85 04 (2) + AI 110 04 (2) 

Drift reducing off-

center nozzle, 

band spray 

application 

0 

60/60e 135 L/had 12 4 

13 8 

a Application rate expressed as L/ha of total ground area at 12 km/h 
b Broadcast application with 42 nozzles on a 21 m spray boom 
c Bed spray application with 36 nozzles (4 nozzles per bed) on a 21 m spray boom 
d Bed spray application with 36 nozzles (4 nozzles per bed, incl. 2 off-center nozzles) on a 21 m spray boom  
e The spray boom was not long enough to test the most appropriate nozzle height/distance (65 cm determined in Deliverable 4.1) 

 

The potential spray drift was determined using a field drift test bench in accordance with 

ISO 22401 (Figure 9) and provided by AAMS Salvarini Srl (Maldegem, Belgium). The test 

bench consisted of a 12.0 m x 0.5 m steel frame with 22 slots situated at intervals of 0.5 m 

(Figure 10), in which Petri dishes (63 cm²) were placed to catch droplets in suspension in the 

air at different times right after the spray application. The slots were equipped with sliding 

metallic covers which completely covered the slots during spraying, thus safeguarding the petri 

dish collectors from unintended spray deposition. The slots were simultaneously opened when 

an actuator was activated by passing of the spray boom. The actuator consisted of a vertical 

pole which was positioned 2.0 m ± 0.1 m after the center of the last slot (Figure 10). The last 

two slots were always uncovered, and thus allow to estimate the effective application rate. A 

minimum time of one minute was given for droplet sedimentation on the Petri dishes after the 

opening of the slots. The Petri dishes were then gathered on PVC tubes (Figure 11). 
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The test bench was placed in a covered, temporary facility of 24.0 m length, 8.0 m width and 

6.0 m height, fixed on a flat concrete floor. This facility prevented the interaction of main natural 

wind and atmospheric conditions as recommended by ISO 22401. Air temperature and relative 

humidity were recorded during the measurements, and varied from 16.1 to 19.9 °C and from 

60 to 93%, respectively. 

 

Figure 9: Field drift test bench (left) and cart with control panel, power supply with 12V 

battery and compressor (right). 

 

 

Figure 10: Schematic of potential spray drift measurements using test bench. 
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Figure 14: Relative deposition (%) on the uncovered collectors (21 and 22) for the 

different air settings and spray configurations (mean ± sd). 

 

Potential spray drift results 

Figure 15 shows the cumulative relative depositions on the collectors 1 to 20 (which were 

opened after the sprayer had passed) per spray configuration and air setting. Position 1 and 

position 20 correspond respectively to the farthest and closest position to the vertical pole used 

to open the metallic lids. Since the results are expressed in a cumulative mode, the value at 

position 20 corresponds to the drift potential value (DPV). Per spray configuration and air setting 

the DPVs and drift reductions relative to the reference configuration with no air support are 

tabulated in Table 9.  

Table 9: DPV and drift reduction relative to the reference configuration (%) for the 

different spray configurations and air settings. 

 

 

 

 

  

Spray configuration Air setting DPV Drift reduction (%) 

AI 80 04 No 8.0 57.6 
 Low 13.1 30.7 

  Full 4.9 74.0 

AIUB 85 04 No 8.5 55.2 
 Low 3.2 83.2 

  Full 5.4 71.4 

XR 110 04 No 18.9 0.0 

XR 80 02 No 39.7 - 110 

 Low 39.2 - 107 

  Full 28.8 - 52.4 

XR 80 04 No 13.6 28.0 
 Low 10.6 43.9 

  Full 18.9 0.0 
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Table 11 shows the results of the Two-way ANOVA on lnDPV with spray configuration, air 

setting, and their interactions as independent variables, using all data except configuration 

XR 110 04, as this configuration was only tested without air support. The results show a 

significant effect of spray configuration on lnDPV but not of air setting nor the interaction factor. 

Table 11: Two-way ANOVA with lnDPV as dependent variable and spray configuration 

and air setting as independent variables (XR 11004 excluded). 

Variables Df P-value Signif * 

Spray configuration 3 0.017 * 

Air setting 2 0.24 ns 

Spray configuration * Air setting 6 0.53 ns 

*Statistical significance level : ‘ns’ p > 0.05 ; ‘*’ p < 0.05 ; ‘**’ p < 0.01 ; ‘***’ p < 0.001 

 

Although air setting had no significant effect on lnDPV, the impact of air support was still 

relevant for drift reduction. The results in Table 9 and Figure 16 show that full air support 

resulted in a reduction in potential drift compared to no air support for configuration XR 80 02 

(DPV from 39.7 to 28.8), AI 80 04 (DPV from 8.0 to 4.9) and AIUB 85 04 (DPV from 8.5 to 5.4), 

whereas configuration XR 80 04 showed an increase in DPV with full air support (DPV from 

13.6 to 18.9). With low air support the effect was more variable and, compared to no air support, 

DPV stayed stable for XR 80 02 (DPV from 39.7 to 39.2), increased for AI 80 04 (DPV from 8.0 

to 13.1), while it decreased for XR 80 04 (DPV from 13.6 to 10.6) and AIUB 85 04 (DPV from 

8.5 to 3.2).  For configuration XR 110 04 with no air support an intermediate overall value was 

obtained (DPV 18.9). Among others, this can be attributed to a lower nozzle height (0.5 m) 

during the measurements compared to the other configurations which were tested at 0.6 m 

nozzle height. 

 

 

Figure 16: Drift Potential Value (DPV) per spray configuration and air setting 

(mean ± SEM). 
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Figure 17 shows the mean DPV per spray configuration (all air settings included) and the effect 

of spray configuration on lnDPV, determined using a Tukey post hoc test. The most striking 

result concerns configuration XR 80 02 which shows a significantly higher DPV (37.8) than the 

other configurations, except XR 110 04. The DPV of configuration XR 80 02 can be explained 

by a combined effect of the increased boom height (60 cm) and small droplet size. The lnDPV 

of AI 80 04, AIUB 85 04 and XR 80 04 were not significantly different from each other nor from 

the reference configuration XR 110 04. The reference configuration XR 110 04 and XR 80 04 

showed similar DPV (18.9 and 14.7 respectively). The drift reduction obtained for XR 80 04 was 

22%, probably due to a smaller spray angle compared to XR 110 04 (Table 9). The 

configurations including air inclusion nozzles had DPV lower than 10 (8.8 for AI 80 04 and 5.7 

for AIUB 85 04). In this case, average drift reductions of 53% for AI 80 04 and 70% for 

AIUB 85 04 were obtained (Table 9).  

 

Figure 17: Drift Potential Value (DPV) for the different spray configurations (mean ± 

SEM). Different letters denote significant differences between spray configurations 

(post hoc Tukey test, P < 0.05).  

 

Since spray drift is generally closely related to droplet size, the potential drift results in terms of 

DPV were compared to the obtained droplet size data (Annex 2), in terms of V100 (volume % of 

droplets smaller than 100 µm) and V150 (volume % of droplets smaller than 150 µm), which 

represent 2 indicators of driftable droplets (Nuyttens et al., 2010). These comparisons are 

presented in Figure 18. Since the V100 values were relatively low for all tested nozzles, V150 

values were considered as well. As seen in Figure 18, a better fit between V150 and DPV 

(R² = 0.89) was found than for V100 (R² = 0.74), although the ranking of nozzles is the same for 

both indicators. Concerning this comparison, it is important to emphasize that configuration 

AIUB 85 04 is in fact a combination of 2 nozzle types, i.e. AIUB 85 04 and AI 110 04, and 

therefore this correlation should be considered as indicative. In addition, there was a difference 

in boom height between the reference sprayer (0.50 m) and the other configurations (0.60 m). 

Furthermore, the general DPV (determined over all air support settings) is compared to the 

droplet characteristics V100 and V150 determined without air support. Nevertheless, although 

indicative, this correlation is expected to give a good representation of the actual correlation 

between DPV and droplet size characteristics.  
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Figure 18: Comparison of DPV with droplet size characteristics V100 and V150. 

 

2.3 Conclusion 

The potential drift of various spray settings was tested using the ISO 22401 protocol and test 

bench in a covered facility to avoid main atmospheric interactions. Five spray configurations 

were tested (XR 110 04, XR 80 02, XR 80 04, AI 80 04 and AIUB 85 04) under 3 different air 

settings (no, low and full air support). These spray configurations were previously determined 

in Task 4.1 (Deliverable 4.1 – Chapter 2.4.5) as being the most appropriate for a full grown 

carrot crop. The results showed a significant effect of spray configuration on potential spray 

drift, with configuration XR 80 02 having the lowest drift reduction potential compared to the 

reference configuration XR 110 04. As expected, a good correlation was found between droplet 

size and drift potential, with an increase in drift potential with decreasing droplet size. The 

configurations with air inclusion nozzles showed the highest drift reduction (53% for AI 80 04 

and 70% for AIUB 85 04) and are therefore recommended to mitigate spray drift. Furthermore, 

these 2 configurations also showed the highest canopy depositions (56% for AI 80 04 and 67% 

for AIUB 85 04) in Deliverable 4.1 – Chapter 2.4.6. No significant effect of air setting on drift 

potential was found, which is in line with the results of the deposition measurements 

(Deliverable 4.1 – Chapter 2.4.6). A possible explanation could be that the air speed at 50 cm 

below the boom (1.2 or 2.6 m/s) is much lower compared to the forward speed of the boom 

sprayer (3.33 m/s or 12 km/h), or the size of the boom (2 m) was too small to show a significant 

effect of air velocity.  

  

XR 110 04 

XR 80 04 

AI 80 04 
AIUB 85 04 

XR 80 02 
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Taking into account the deposition measurements described in Annex 1 (early stage carrots) 

and Deliverable 4.1 – Chapter 2.4.6 (full grown carrots), some recommendations for the 

development of the field size sprayer are proposed. 

With regard to nozzle selection, the highest deposition and lowest potential spray drift were 

obtained for the bed spray application with a combination of AIUB 85 04 and AI 110 04 nozzles, 

which gives the coarser droplet distribution and can be recommended for bed spraying.  

For the nozzle settings, optimal nozzle heights and nozzle distances recommended by ILVO 

for different canopy growth stages (Deliverable 4.1 - Chapter 2.4.5) resulted in significantly 

improved canopy depositions at two different crop stages (early stage and full grown carrots). 

Adapting the nozzle spacing and the nozzle height according to the growth stage appeared to 

be one of the main benefits of this study to improve crop deposition.  

In general, the effect of air setting was not always statistically significant when tested with the 

spray boom at prototype scale. In other words, the air setting may sometimes mitigate the 

differences observed between the different nozzles. This leaves the door open for the use of 

complementary nozzle sets with either coarse or finer droplets. However, a relevant effect of 

full air speed was observed for the majority of spray configurations, for full grown carrots 

(Deliverable 4.1 – Chapter 2.4.6). The possibility to adjust the air support velocity is therefore 

considered of great interest for the field sprayer and will be further studied in WP5. 
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3. Mildew/vineyards case 

3.1 Introduction 

3.1.1 Planting system and crop characteristics 

The same planting system as defined within Task 4.1 and described in Deliverable 4.1 – 

Chapter 3.2 is considered to assess the drift reduction technologies in Task 4.2. A schematic 

design of these vineyard field plots in the Piemonte region, where the field trials in WP5 will be 

conducted, is given in Figure 19. 

 

Figure 19: Schematic design of the vineyard field plots. 

 

3.1.2 Sprayer configurations and settings 

 

The same reference and starting point sprayer settings as considered in Task 4.1 and described 

in Deliverable 4.1 – Chapter 3.3 are considered for the drift trials. An overview of the reference 

sprayer and the starting point sprayer characteristics and settings is given in Table 12. 

The reference sprayer within the vineyard case is the Dragone Virgola 700 axial fan sprayer 

with 6 nozzles on either side, and deflectors at the bottom and top of the air outlet. 

The existing cross-flow sprayer Synthesis 1000 ATS/102 E model from CAFFINI with the 

standard nozzle configuration, is considered as the starting point sprayer for the vineyards 

case.  

In addition, the 2 most optimal nozzle configurations (Opt_3 and Opt_4) are considered as 

optimizations of the starting point sprayer. These configurations were selected based on the 

combined results of the air flow pattern measurements and spray distribution, deposition and 

coverage measurements (described in Deliverable 4.1 – respectively Chapter 3.4.4, 3.4.5, and 

3.4.6). Table 13 tabulates the sprayer settings of these configurations. 
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Table 12: Overview of the reference and starting point sprayer characteristics and settings. 

 Reference sprayer Starting point sprayer 

Sprayer brand & model Dragone Virgola 700 CAFFINI Synthesis 1000 ATS/102 E 

Nozzle type Albuz ATR 80 yellow hollow cone TeeJet TXA/TXBa 80 02 hollow cone  

Active nozzles (L + R) 6 + 6 8 + 8 

Spray pressure (bar) 14 4.0 

Application rate (L/ha ground area) 536 538 

Forward speed (km/h) 5.8b 5.8b 

Tot. flow rate (L/min) 14.52 14.56 

PTO (rev/min) 540 540 

Fan gear speed Not available High 

Air flow settings 18 900 m³/h; 700 mm fan 21 300 m³/h; 700 mm fan; 1/4.5 

Air conveyor orientation Not available Orthogonal 

Deflectors / flaps Deflectors on top & bottom, variable  Flaps inside conveyor (20 for each side) 

Deflector adjustments No No, original configuration 
a TeeJet TXB nozzles were only used for the field trials. 
b Actual driving speed during the field trials was 5.8 km/h. Optimized configurations tested at 5.5 km/h. 

 

Table 13: Overview of the 2 optimal sprayer configurations considered in the drift trials. 

 Opt_3 Opt_4 

Sprayer brand & model CAFFINI Synthesis 1000 ATS/102 E CAFFINI Synthesis 1000 ATS/102 E 

Nozzle type XR 80 02 AI 80 02 + AIUB 85 02 

Active nozzles (L + R) 6 + 6 6 + 6 

Spray pressure (bar) 4.0 4.0 

Application rate (L/ha ground area) 425 425 

Forward speed (km/h) 5.5 5.5 

Tot. flow rate (L/min) 10.92 10.92 

PTO (rev/min) 450 450 

Fan gear speed Low Low 

Air flow settings 14,200 m³/h; 700 mm fan; 1/3.6 14,200 m³/h; 700 mm fan; 1/3.6 

Air conveyor orientation Forward Forward 

Flaps  Inside conveyor (20 for each side)  Inside conveyor (20 for each side) 

Deflector adjustment Yes Yes 

 

3.1.3 Possible drift reduction technologies of starting point sprayer 

The goal of this WP is to optimize the applications with the starting point sprayer (Table 12) 

resulting in better spray deposition and coverage, while minimizing the environmental impact 

(such as spray drift and water usage). In this task and deliverable, the focus is on the possible 

drift reduction technologies. The drift reduction technologies that were considered are: 

- Adjustment of the air conveyor through better orientation of the air deflectors mounted 

inside the air discharge system. 

- Optimization of air flow by selecting the most optimal fan gear speed and PTO 

revolution speed. 

- Optimization of air flow by selecting the most optimal air conveyor orientation. 

- Use of flat fan nozzles (standard XR vs. hollow cone ATR or TXA nozzles). 

- Use of drift reducing flat fan nozzles (air inclusion AI nozzles). 

- Use of off-center nozzles for a more targeted spraying (AIUB off-center nozzles). 
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3.2 Experiments 

3.2.1 Air flow measurements 

At the DISAFA Crop Protection laboratory, assessment of air flow rates and air patterns, 

generated by the Dragone serie Virgola 700 reference sprayer and by the Caffini Synthesis 

sprayer, which is the basis for the smart sprayer, were carried out. The measurements and 

results are described in more detail in Deliverable 4.1 – Chapter 3.4.4. 

The air flow rate was measured using both a Pitot tube and a fan probe, connected to a 

Testo 400 data logger, positioned at different positions along the fan outlet and registering the 

average air velocity during 10 seconds. The overall average air velocity (m/s) obtained was 

multiplied by the fan outlet section size (m2) and the result obtained provided the total air flow 

rate (m3/h). The air flow pattern was measured on both sides of the sprayers using a sonic 

anemometer Gill 2D1 mounted on an ad-hoc support at a distance of 1.25 m from the center of 

the machine, thus simulating an inter-row distance of 2.5 m. The anemometer was shifted in 

48 different positions along a grid 50 cm long (10 cm steps) and 210 cm high (30 cm steps). In 

each position of the grid, air velocities and directions were measured for 15 seconds. 

In total, 2 air flow configurations were tested with the Dragone sprayer, while 15 air flow 

configurations, deriving from the combination of different fan gear speed, PTO revolution and 

adjustment of air deflectors placed inside the air conveyor, were tested with Caffini Synthesis 

sprayer. The detailed settings and results of all configurations were presented in 

Deliverable 4.1. 

Figure 20 shows the air flow velocity profiles at the different heights and positions with respect 

to the axis of the air conveyor for the reference (Ref), starting point (StP), and the 2 most 

promising optimized (Opt_3 and Opt_4) configurations. The StP configuration was 

characterized by the use of a high fan gear speed (PTO 540 rev/min) with the air deflectors 

inside the air conveyor set in the original position, i.e. as delivered by the manufacturer. The 

optimized configurations (Opt_3 and Opt_4) were characterized by a reduced air flow rate (low 

fan gear speed and PTO of 450 rev/min) and the air deflectors inside the air conveyor adjusted 

to match the canopy target height. 
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Figure 20: Air flow velocity profiles measured at different heights and positions at 

1.25 m from the central axis of the sprayer for the a) reference (Ref), b) starting point 

(StP) and c) optimized (Opt_3 and Opt_4) configurations. 
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The air flow pattern of the reference configuration (Ref) showed that the air flow was not well 

balanced between both sides of the sprayer. Higher air velocities were registered on the right 

side of the sprayer (average of 6.1 m/s), while on the left side an average air velocity of only 

3.2 m/s was registered (Figure 20a). The air velocity peak (16.4 m/s) was measured at 0.6 m 

height on the right side of the machine (Figure 20a). On the right side, average air velocities 

above 5 m/s were still registered above 2.0 m height while the canopy height is only about 

1.9 m. 

The fan air flow produced by the starting point configuration (StP) showed highest air velocities 

on the left side of the sprayer, exceeding 20 m/s between 1.5 and 1.8 m height from the ground, 

and velocities over 10 m/s were still registered at 2.4 m height. Furthermore, the air flow was 

addressed forward with respect to the axis of the air conveyor (Figure 20b). On the right side, 

the air velocity profile showed a peak of air velocities over 15 m/s at 1.2 m and air velocities 

over 10 m/s were still registered at 2.4 m height (Figure 20b). The average of maximum air 

velocities was 14.4 m/s on the left side of the sprayer, with peaks over 21 m/s, and 12.2 m/s on 

the right side, with peaks over 16 m/s. 

Figure 20c shows the air flow profile generated by the optimized configurations (Opt_3 and 

Opt_4). Modifying the orientation of the air deflectors in the air conveyor allowed to address the 

air profile more precisely towards the target. By orienting the air conveyor forward with respect 

to the target, peak air velocities were found at 0.9 m height, with average velocities that reached 

8.7 m/s on the left side and 7.6 m/s on the right side of the sprayer (Figure 20c). In this case, 

air velocities above 1.8 m height were below 1 m/s. The maximum air speed on the left side 

was 17.9 m/s at 0.9 m height, while on the right side it was 15.2 m/s at the same height (Figure 

20c). 

 

3.2.2 Droplet size and velocity characteristics 

An overview of the nozzles and spray settings of which the droplet characteristics were tested 

are given in Table 14. Besides the reference and starting point nozzle, the nozzles from the 2 

most optimal nozzle configurations were included. 

Table 14: Overview of nozzles and settings tested for droplet characterization. 

 

Nozzle type + size 
Spray 

pressure 
(bar) 

Flow 
rate 

(L/min) 

Reference sprayer nozzle Albuz ATR 80 yellow 14.0 1.21 

Starting point sprayer nozzle TeeJet TXA 80 02 VK 4.2 0.91 

Flat fan nozzle TeeJet XR 80 02 VS 4.0 0.91 

Drift reducing nozzle TeeJet AI 80 02 VS 4.0 0.91 

Off-center drift reducing nozzle TeeJet AIUB 85 02 VS 4.0 0.91 
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Figure 21: Cumulative volumetric droplet size distribution for different nozzles 

spraying at 0.5 m spray height and without air support. 

 

 

Figure 22: Cumulative volumetric droplet velocity distribution for different nozzles 

spraying at 0.5 m spray height and without air support. 
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3.2.3 Spray drift measurements 

Technical specifications of tested sprayer configurations. 

As described before, 4 sprayer configurations were selected for the spray drift evaluation 

based on previous laboratory (spray distribution and air flow patterns) and real field (canopy 

deposition and coverage) tests. Figure 23 shows the reference and starting point sprayer 

used in these trials. To evaluate the benefits of an improved spray application technology in 

terms of spray drift reduction, measurements were conducted in both real field conditions 

and with the drift test bench method. The technical specifications and the main settings used 

are shown in Table 16 and Table 17 for the field drift measurements and the test bench 

measurements, respectively. The sprayer settings used for the test bench trials were slightly 

modified (Table 17), with respect to those used for the field trials (Table 16), in order to fit 

the methodology requirements described further, i.e. constant speed.  

 

Figure 23: Vineyard sprayers used for field spray drift and test bench trials: a) Serie 

Virgola 700 model by Dragone and b) Synthesis 1000 ATS/102 E model by Caffini. 

 

Table 16: Sprayer configurations tested in the field drift trials. 

 

Table 17: Sprayer configurations tested in the drift test bench trials. 

 

  

Thesis Config. ID

Forward 

speed 

(Km h-1)

Nozzle type

Spray 

pressure 

(bar)

Active 

nozzles 

L+R (n.)

Tot. Flow rate 

(L min-1)

Applied 

volume 

( L ha-1)

PTO (rev 

min-1)

Fan 

gearspeed

Air 

conveyor

Deflector 

adjustement

Reference Ref 5.8 ATR80yellow 14.0 6+6 14.52 536 540 - - No

Starting Point StP 5.8 TXB8002 4.0 8+8 14.56 538 540 High Orthogonal No

Optimized Opt_3 5.5 XR8002 4.0 6+6 10.92 425 450 Low Forward Yes

Optmized Opt_4 5.5
AI8002 + 

AIUB8502
4.0 6+6 10.92 425 450 Low Forward Yes

Thesis Config. ID

Forward 

speed 

(Km h-1) a
Nozzle type

Spray 

pressure 

(bar)

Active 

nozzles (n.) 
b

Tot. Flow 

rate (L min-1)

PTO (rev 

min-1)

Fan 

gearspeed

Air 

conveyor

Deflector 

adjustement

Reference Ref 6.0 ATR80yellow 14.0 6 7.26 540 - - No

Starting Point StP 6.0 TXB8002 4.0 8 7.28 540 High Orthogonal No

Optimized Opt_3 6.0 XR8002 4.0 6 5.46 450 Low Forward Yes

Optmized Opt_4 6.0
AI8002 + 

AIUB8502
4.0 6 5.46 450 Low Forward Yes

a Fixed forward speed required by test bench methodology

b only the right sprayer side activated
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Test location and crop characteristics. 

Tests were performed in an espalier-trained vineyard (cv: Barbera) at growth stage BBCH 85 

“Softening of berries” (Lorenz et al., 1995) located at DiSAFA facilities in Grugliasco, Turin, Italy 

(45°03′60″ N 7°35′65″ E). Planting distances were 2.8 m between rows and 0.8 m in the row 

resulting in a density of 4 464 vines/ha. The average vineyard height was about 2.0 m. As 

described in Deliverable 4.1 - Chapter 3.4.6, the vineyard canopy was fully characterized, 

yielding an average number of leaf layers of 2.43, 7.50% gaps and a leaf area index (LAI) of 

1.50 (m2/m2). 

 

Experimental plot layout and sampling system. 

The selected configurations (Ref, StP, Opt_3 and Opt_4) were tested for their drift performance 

using three different methods i.e.: 

i) Measurement of spray losses to the air and in-field ground losses in vineyard field 

conditions. 

ii) Measurement of spray drift losses to the bare soil area adjacent to the outer row 

of the sprayed vineyard. 

iii) Potential spray drift using an ad hoc test bench.  

 

Field trials: Spray losses to the air, in-field ground losses, and spray drift ground losses. 

The spray drift field trials were performed by spraying three vineyard rows from both sides, 

corresponding with an area of about 336 m2 (40 m × 8.4 m) (Figure 24b). Along row 2, three 

sampling sections (P, Q and R) were established (Figure 24a) at the beginning, the center and 

the end of the row, to cover differences in the canopy characteristics (see also Deliverable 4.1 

– Chapter 3.4.6). In each of these sections, the spray losses to the air (above the vine canopies) 

and the in-field off-target losses were measured. In addition, a bare soil sampling area next to 

the outer sprayed row was used for the spray drift measurements. 

 
Figure 24: a) Schematic and b) aerial view of experimental plot layout. 
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In each sampling section (P, Q, R) a vertical mast was used to support a vertical polythene line 

(2 mm in diameter) of 4 m length to measure the spray losses to the air above the vine canopy, 

from 2 m to 6 m above the ground (Figure 25). Each vertical sampler was used like an array of 

eight sampling collectors (sampled discretely), with each collector being a segment of the 

polythene line of 0.5 m long and 2 mm in diameter. Therefore, each collector was characterized 

by a collection area of 31.4 cm2. 

 

 

Figure 25: Schematic of the sampling layout for measurement of spray losses to the 

air. 

 

In addition, in each sampling section, two paired Petri dish collectors (140 mm diameter) were 

placed under the sprayed vines of Row 2, and two in the middle of the two inter-row spacings 

next to Row 2 to assess the in-field ground losses (Figure 26). The Petri dishes were fixed to 

wooden boards to prevent them from being blown away by the air currents generated by the 

sprayer. Two minutes after the vineyard plot was completely sprayed, the Petri dishes were 

covered and each 4 m polythene line was cut into sections of 0.5 m, each section considered 

as a single sample, and then collected. Each sample was stored individually in a sealed plastic 

bag. Finally, all samples were collected in closed dark boxes to prevent light degradation of the 

tracer. 
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Figure 26: Schematic of the sampling layout for measurement of in-field ground losses. 

 

For each configuration, spray drift to the ground was measured in the bare-soil area at 

distances of 1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, and 20 m downwind of the directly-sprayed area 

(Figure 27). At each distance, six Petri dishes (140 mm diameter) were placed at ground level 

1 m from each other. The first line of collectors was placed at 2.4 m from the outer row, 

corresponding with 1 m distance from the sprayed area. Two minutes after the vineyard plot 

was completely sprayed, the Petri dishes were covered and collected in closed dark boxes to 

prevent light degradation of the tracer. 

 

Figure 27: Schematic of the sampling layout for spray drift measurements. 
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Drift test bench trials: Potential spray drift measurements. 

The test bench for measuring potential spray drift consisted of a series of aluminium modules 

(2.0 m length x 0.5 m width) that were connected to reach the required total test bench length. 

In total, ten test bench modules were used to achieve a total length of 20 m. According to Grella 

et al. (2019) this length was necessary to achieve at least 97% of spray collection. Plastic 

holding slots (0.5 m x 0.2 m) were positioned every 0.5 m along the test bench in which artificial 

collectors (Petri dishes) were placed. A pneumatic system of stainless steel sliding plates 

enabled the collectors to be revealed simultaneously. The system was automatically activated 

by the sprayer passing through a trigger system specifically designed for this purpose. Further 

details can be found in Grella et al. (2017b). 

The test bench was positioned transversely to the forward direction of the sprayer (Figure 28) 

with the artificial collectors levelled 25 ± 5 cm above the soil. The artificial collectors consisted 

of 40 Petri dishes (140 mm diameter) aligned in a single array transverse to the forward 

direction of the sprayer. The first collector (the one closest to the sprayer pass) was positioned 

1.5 m from the outer nozzle(s) of the sprayer (Figure 28). 

All collectors were initially covered using stainless steel sliding plates on the test bench. The 

sprayer began its spray application 20 m prior to the collector array and continued for 20 m 

after it (Figure 28). Only the nozzles facing the test bench were activated (one sprayer side). 

The actuator of the pneumatic system revealing the collectors was activated by the passage of 

the sprayer. The position of the actuator was chosen so that 4 seconds after the sprayer passed 

the perpendicular line of the test bench, the collectors were simultaneously revealed to capture 

the droplet fraction remaining suspended in the air above the test bench. The 4 s time delay to 

uncover the test bench was found most suitable to work with a constant forward speed of 

1.67 m/s (equal to 6 km/h), based on preliminary tests of different forward speeds (Grella et al., 

2017b). All tests were conducted in calm wind conditions (average wind speed < 1.0 m/s). 

Samples were collected 2 minutes after opening of the system. Each Petri dish was then 

covered and placed under dry and dark conditions to prevent light degradation of the tracer. 

 
 

Figure 28: Schematic of the sampling layout for potential spray drift measurements 
using the drift test bench. 
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Monitoring of the environmental conditions. 

A weather station was employed to monitor the environmental conditions during the trials. It 

was equipped with a sonic anemometer 232 (Campbell Scientific, Logan, UT, USA) to measure 

wind speed and direction relative to the spray track at 4 m above the ground, and two thermo-

hygrometer HC2S3 probes (Campbell Scientific) placed at 3 m and 4 m above the ground to 

measure air temperature and humidity. All measurements were taken at a frequency of 0.1 Hz 

and all data were recorded automatically by a CR800 datalogger (Campbell Scientific). The 

environmental conditions were monitored for the full duration of each test. 

During the field trials (measurements of spray losses to the air and spray drift), the weather 

station was positioned close to the test area. The mast was positioned at the edge of the 

downwind area in the center of the drift sampling area (20 m from the sprayed area) (Figure 

27). Each test was evaluated for the following conditions as required by the ISO 22866 standard 

(ISO, 2005): (a) average wind speed > 1 m/s; (b) wind measurement count at < 1 m/s (outliers) 

should not exceed 10% of all measurements recorded; (c) mean wind direction 90° ± 30° to the 

spray track, which corresponds to a mean wind direction of 180° ± 30° in this specific case; (d) 

frequency of non-centered wind direction (> 45°) to the spray track should not exceed 30% of 

data recordings; and (e) mean air temperature between 5 °C and 35 °C. 

During the trials using the drift test bench (measurements of potential spray drift), the weather 

station was mounted 3 m from the test bench in line with the last collector (40th) on the test 

bench (Figure 28). The range of atmospheric conditions required by ISO 22401 (2015) were 

adopted for the airblast sprayer drift trials using the test bench. To verify that atmospheric 

conditions at testing times met the requirements (calm winds), the following parameters were 

calculated for each replicate: (a) average wind speed (< 1 m/s); (b) maximum wind speed 

recorded during trials (< 1.5 m/s); (c) mean air temperature (between 5°C and 35 °C); and (d) 

mean relative humidity (between 40 and 95%). Furthermore, replicates of the same tests had 

to be carried out under similar conditions, meaning differences between average wind 

velocities, air temperatures and relative humidity values could not exceed 0.2 m/s, 10 °C and 

20%, respectively. 

Spray liquid and tracer concentration. 

To measure deposits on the Petri dishes and polythene lines, E-102 Tartrazine yellow dye 

tracer (85% (w/w), Novema S.r.l., Torino, Italy) was added to the sprayer tank at a concentration 

of about 10 g/L. Tartrazine was chosen as tracer for its high extractability and low degradation 

(Pergher, 2001). Prior to each test, blank Petri dishes placed in the middle of the sprayed rows, 

in the middle of the drift sampling area and next to the test bench were processed and collected 

30 s before the spraying started. Spray liquid samples were also collected from the spray tank 

(sampled directly from the nozzles) before and after spraying, to determine the precise tracer 

concentration of each test. 
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Spray drift field trial results. 

Weather conditions 

The weather conditions recorded during the field trials are shown in Table 18. The weather 

conditions at the time of application were not favourable for the spray drift measurements in the 

sprayed downwind area, especially for the wind direction. The wind directions during the trials 

of StP and Opt_3 configurations were not conform the requirements of ISO 22866 with respect 

to the % of recordings in the centred directions. The wind speed was also too low, with average 

values lower than 1 m/s, irrespective of the configuration tested.  

 

Table 18: Weather conditions recorded during the field trials. 

 

 

Spray drift ground losses 

As expected, the weather conditions during the trials strongly affected the final results of spray 

drift measured in the downwind area at different distances from the sprayed area (Figure 30). 

According to the results shown in Figure 30 and Figure 31, the reference configuration showed 

the highest drift values of all tested configurations. The optimized configuration with air 

induction (AI) nozzles (Opt_4) resulted in significantly higher drift values compared to the 

starting point configuration with conventional hollow cone nozzles, higher airflow volume and 

speed and without adjusted air conveyor deflectors. However, the optimized configuration using 

standard flat fan nozzles and the airflow conveyor adjusted to match the canopy target (Opt_3) 

showed a lower amount of drift than that obtained using AI nozzles (Opt_4). No significant 

difference between starting point (StP) and Opt_3 configuration was noticed. As mentioned 

above, the spray drift measurements were strongly affected by the weather conditions at the 

time of application. These results prove that if the spray drift measurements are not strictly 

conducted following ISO 22866 the final results are not reliable and useful for spray drift 

evaluation. 

 

Meana Meanb Meana Meanb Min Max Mean Outliers c
Mean Centeredd

(°C) (°C) (% ) (% ) (m s-1) (m s-1) (m s-1) (% ) (° azimuth) (% )

Ref 20.9 20.9 66.8 66.3 0.06 1.73 0.67 16.4 222.4 45.3 SW

StP 21.9 21.6 70.4 70.9 0.28 2.23 0.97 44.7 358.8 0.0 N

Opt_3 19.3 19.2 79.6 77.6 0.22 1.17 0.71 2.9 344.6 0.0 NNW

Opt_4 21.9 21.8 60.5 60.4 0.06 2.17 0.81 28.6 200.4 76.2 SSW

a
 1st height above the ground

b
 2nd height above the ground

c
 Percentage of records < 1 m s

-1

d
 Percentage of records between 180° ± 45°

Config & 
replicates

Weather parameters

Temperature Relative Humidity Wind speed Wind direction

Prevalent 
direction
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Figure 30: Spray drift deposit profiles (µL/cm2) for each tested configuration at different 

distances from the sprayed area (mean ± SEM). 

 

 

Figure 31: Total spray drift deposition (µL) measured at ground level in the downwind 

area for the configurations tested (mean ± SEM). Different letters denote significant 

differences (One-way ANOVA, p < 0.001, post hoc FREGW). 
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Spray losses to the air 

Contrary to the spray drift ground losses, the spray losses to the air (Figure 32) showed that, 

irrespective of weather conditions (especially wind direction and speed), the total amount 

collected by the continuous vertical samplers (polythene line) placed above the canopy (from 

2 m up to 6 m height) can provide reliable information about the spray drift potential of the 

tested spray configurations. As expected, the reference and starting point configuration showed 

significantly higher spray losses to the air compared to the optimized configurations (Figure 

33). Also, the starting point configuration showed significantly higher losses to the air (+ 65%) 

compared to the reference, most likely due to the excessive fan airflow (21 300 m3/h) and speed 

(maximum values over 20 m/s) combined with the air conveyor deflectors which were not 

adjusted to match the target height. Reducing the airflow rate (14 200 m3/h) and speed 

(maximum values lower than 12 m/s), and adjusting the air deflectors (Opt_3 and Opt_4) 

resulted in significantly lower spray losses to the air (Figure 33). Reductions of 69% and 88% 

compared to the reference sprayer were found for conventional (Opt_3) and AI flat fan nozzles 

(Opt_4), respectively. Furthermore, the results pointed out that optimization of both airflow 

settings (volume, speed and orientation) and sprayer settings (nozzle type, number of activated 

nozzle, spray pressure, etc.) allowed to reduce losses to the air with 81% (Opt_3) and 93% 

(Opt_4) compared to the starting point sprayer. 

 

 

Figure 32: a) Profiles of spray losses to the air, b) the related cumulative spray 

deposition obtained from each configuration tested. The mean ± SEM (µL/cm2) is 

presented for different heights above the ground. 
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Figure 33: Total spray losses to the air (µL, mean ± SEM ) for the configurations tested. 

Different letters denote significant differences (One-way ANOVA, p < 0.001, post hoc 

FREGW). 

 

In-field losses to the ground 

The average values of in-field losses to the ground of the tested configurations are shown in 

Figure 34. The one-way ANOVA demonstrated a significant effect of configuration. The post 

hoc tests (FREGW) showed a significant difference between all the configurations (Ref, StP, 

Opt_3 and Opt_4). The in-field ground losses increased from StP to Opt_3 (+ 33%) and further 

from Opt_3 to Opt_4 (+ 22%). The reference configuration showed the highest losses. For the 

configurations tested with the Caffini sprayer (StP, Opt_3 and Opt_4), the in-field ground losses 

were inversely proportional to the spray losses to the air (Figure 33). The sampling position 

(sprayer track vs. under the vines, Figure 26) also affected the in-field losses in case of the Ref 

and StP configurations (Figure 34b). For the optimized configurations similar values were found 

for both sampling positions. This can be explained by the excessive airflow produced by both 

the Ref and StP without the adjustment of air conveyor to match the canopy shape. The 

reference Dragone sprayer produced 18 908 m3/h of airflow without the possibility to 

substantially change the orientation using the deflectors placed at the top and bottom of the air 

conveyor. Furthermore, previous laboratory trials demonstrated that the airflow was not well 

balanced between both sprayer sides of the reference sprayer. Similarly, the Caffini sprayer in 

StP configuration showed a very high airflow (21 300 m3/h) with the air conveyor deflectors in 

standard position (as delivered by the manufacturer). Previous laboratory airflow 

measurements showed that the StP configuration produced an excessive airflow largely above 

the target height explaining the highest spray losses to the air (Figure 33) and the lowest in-field 

ground losses (Figure 34). These results comply with a mass-balance approach: higher amount 

of spray losses in the air correspond to a lower amount of in-field losses measured on the 

ground. This trend was previously demonstrated by other authors, especially for spray 

applications using coarse droplet AI nozzles (Derksen et al., 2007; Sesah, 2007; Lešnik et al., 

2015; Garcerá et al., 2017). Furthermore, these authors demonstrated that coarser sprayings 

resulted in higher ground spray drift depositions close to the sprayer. So, in conclusion, the 

higher ground spray losses showed by Opt_4 configuration can be explained by the ballistic 

behavior of the coarser droplets (Heijne et al., 2002) having higher kinetic energy which lead to 

a higher amount of direct ground losses. 
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Figure 34: In-field ground losses (mean ± SEM) a) averaged over sampling positions 

and b) split by sampling position. Different letters denote significant differences 

between configurations tested (One-way ANOVA, p < 0.001, post hoc FREGW). 
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Drift test bench results. 

Weather conditions. 

The weather conditions recorded during the test bench measurements are shown in Table 24. 

Table 24 shows that all the tests were generally conducted in calm wind conditions in 

accordance with the methodology, except for replicate 2 of Opt_4. In that replicate the 

maximum wind speed exceeded the 1.5 m/s threshold and more than 41% of the wind speed 

records were higher than 1 m/s. The results from this replicate were not included in the 

calculation of the Drift Potential Values (DPV). Although all the remaining tests met the 

requirements for potential spray drift measurements, in some replicates wind speeds higher 

than 1 m/s were measured. Furthermore, the wind speed conditions during the trials were highly 

variable with, in some cases, a mean wind speed difference between replicates higher than 

0.2 m/s. As demonstrated by Gil et al. (2015) the wind speed variations can affect the drift 

potential measurements even if conducted in calm wind conditions. The lower the wind speed 

and the variation between replicates, the more reliable the final drift potential measurements 

are, especially for airblast sprayers (Grella et al., 2019). Despite this observed variability and 

based on further analysis of wind conditions at the time of spray applications, it was decided to 

use all replicates (except rep 2 for Opt_4) for the DPV calculation. 

 

Table 19: Weather conditions recorded during drift test bench trials. 

 

  

Meana Meanb Meana Meanb Min Max Mean
records > 

1 m/s
Mean

(°C) (°C) (% ) (% ) (m s-1) (m s-1) (m s-1) (% ) (° azimuth)

Ref 1 13.1 14.0 87.9 82.1 0.06 0.61 0.34 0.0 145 SE

Ref 2 13.2 13.9 86.9 82.7 0.42 1.21 0.86 9.9 156 SSE

Ref 3 13.3 13.8 86.9 83.5 0.06 0.33 0.16 0.0 102 ESE

Ref 4 13.1 13.7 88.3 84.5 0.02 0.29 0.11 0.0 345 NNW

StP 1 13.5 13.9 85.5 82.4 0.65 1.01 0.81 1.4 51 NE

StP 2 13.2 13.6 87.4 84.4 0.24 0.69 0.43 0.0 257 WSW

StP 3 12.9 13.4 88.9 85.3 0.21 0.88 0.49 0.0 209 SSW

StP 4 13.3 14.0 86.6 82.2 0.15 0.43 0.28 0.0 249 WSW

Opt_3 1 13.0 13.4 88.3 84.8 0.35 0.83 0.64 0.0 212 SSW

Opt_3 2 13.4 13.8 86.0 83.1 0.13 1.05 0.53 2.2 306 NW

Opt_3 3 13.8 14.1 83.4 81.4 0.23 1.15 0.65 3.2 301 WNW

Opt_3 4 14.0 14.1 82.4 81.1 0.17 1.06 0.55 2.1 301 WNW

Opt_4 1 13.3 13.9 85.8 82.3 0.41 1.05 0.74 3.4 116 ESE

Opt_4 2 13.4 13.8 86.0 82.6 0.17 1.57 0.89 41.7 321 NW

Opt_4 3 13.4 13.6 85.8 83.6 0.21 0.61 0.37 0.0 48 NE

Opt_4 4 13.3 13.9 87.4 82.7 0.28 0.75 0.54 0.0 172 S

a
 1st height above the ground

b
 2nd height above the ground

Config & 
Replicates

Weather parameters

Temperature Relative Humidity Wind speed Wind direction

Prevalent 
direction
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Potential spray drift measurements.  

Figure 35 shows the deposition curves generated from the collectors aligned inside the test 

bench slots that were initially covered and then revealed 4 s after sprayer passage (following 

the test bench protocol). The spray fraction collected by the test bench is defined as “potential 

drift fraction”. It is the fraction that remains suspended over the test bench immediately after 

passage of the sprayer and which can be potentially carried out of the target zone by wind. 

Irrespective of configuration, the largest depositions were found in the first 1 to 8 meters from 

the spray source. The depositions reached a peak at a certain distance from the spray source 

and then decreased with a different rate according to the configurations because of the 

combined effect of fan airflow and droplet size spectra generated by the nozzles. The results 

suggest that deposits far from the spray source are mainly composed of the finest droplets, 

which remain suspended in the air for a longer time after the sprayer passage and are more 

susceptible to drift. As described in ISO 22401 (2015), the drift test bench method assumes 

that droplets remaining suspended in the air for a longer time, enlarge the risk of spray drift 

generated in windy conditions. 

 

 

Figure 35: Test bench spray deposit profiles (µL/cm2) for different distances from the 

sprayed area for each configuration tested (mean ± SEM). 

 

The Drift Potential Values (DPV) calculated based on the test bench deposition curves (Figure 

36) are very similar to the spray losses to the air obtained from the field measurements (Figure 

33), with + 60%, - 62% and - 95% for StP, Opt_3 and Opt_4 compared to the reference 

configuration, respectively. The test bench measurements showed that the StP configuration 

had the highest drift potential values, which were substantially higher than those obtained with 

the reference configuration (Ref). On the contrary, and as expected, the optimized 

configurations (Opt_3 and Opt_4) were able to significantly reduce the potential spray drift, 

especially by using AI nozzles (Opt_4). 
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Figure 36: Drift Potential Values (DPV) based on test bench measurements conducted 

in absence of a canopy target (mean ± SEM). Different letters denote significant 

differences (One-way ANOVA, p < 0.001, post hoc FREGW). 

 

Assessment of drift reduction measured using different methods. 

Figure 37 shows the spray drift reduction achieved by the candidate Caffini Synthesis 

configurations (StP, Opt_3 and Opt_4) compared to the reference Dragone Virgola 700 sprayer 

for each of the drift assessment methods (field spray drift, airborne losses, drift test bench). 

The results from the spray drift field trials were not reliable due to the environmental conditions 

at the time of spray application (Table 18). As described above, the wind directions and speeds 

were unfortunately not suitable for the spray drift measurements purposes. On the contrary the 

measurements of spray losses to the air in the field (Figure 37) showed reliable results 

irrespective of environmental conditions, with spray drift reductions to the air of - 65%, + 69% 

and + 88% for StP, Opt_3 and Opt_4. These results were confirmed by the test bench trials 

with potential drift reductions of - 60%, + 62% and + 95% for StP, Opt_3 and Opt_4, 

respectively. The results demonstrate that measurement of spray losses to the air could be a 

reliable method for the determination of potential drift reduction relative to a reference spray 

application technique. Furthermore, it is a relatively easily applicable method which is less 

dependent on specific weather conditions, especially in terms of wind direction and speed. Both 

the measurement of spray losses to the air and potential spray drift measurements using the 

drift test bench rely on the same principle: the higher the spray fraction lost to the air above the 

canopy and the longer droplets remain suspended in the air, the higher the spray drift risk. 



OPTIMA          Del. 4.2 

 
  
Page 50 of 84 
 

 

Figure 37: Overview of drift reduction compared to the reference configuration (%) for 

the different configurations, obtained using the different methods for spray drift 

measurement. 

 

3.3 Conclusion 

The most common measuring methods were used to evaluate the spray drift (potential) of 

different airblast sprayer configurations. The experiments showed that the method measuring 

spray drift in the downwind area strongly depends on the correct environmental conditions at 

the time of application, especially wind conditions (directions and speeds). Because of 

unsuitable wind conditions during the trials, the obtained field drift results were not reliable for 

comparison of the different configurations. However, the evaluation of spray losses to the air 

using vertical samplers showed reliable results. As expected, the optimized configurations of 

the Caffini Synthesis sprayer were able to strongly reduce the spray losses to the air, which 

can be considered as the spray fraction than can be potentially blown away from the sprayed 

area in windy conditions. In particular, the reduction of air volume in combination with the 

adjustment of air deflectors to match the canopy target, allowed to reduce the spray drift with 

81% (Opt_3 configuration with conventional nozzles) and 92% (Opt_4 configuration with AI 

nozzles) in comparison with the starting point configuration. The measurements of potential 

spray drift using a test bench strongly confirmed the drift reduction results obtained from the 

measurements of spray losses to the air. Furthermore, the measurements of spray losses to 

the air have a broad application potential as they are less dependent on environmental 

conditions, especially wind conditions. In addition, this method does not require a wide free 

bare soil downwind area to place the collectors. This is an important aspect in the largest 

vineyard areas which are characterized by a continuous area of vineyard plots without 

interruption or mix with other crop types. Consequently, it is very difficult to find a vineyard 

parcel suitable for field spray drift measurements, especially in hilly areas. Based on these 

results and referring to the WP5 field trials, the measurement of spray losses to the air could 

be taken into account as a reliable alternative methodology to the ISO 22866 (ISO, 2005) for 

the measurement of potential drift reduction. 
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Based on the spray drift results and the canopy deposition results presented in Deliverable 4.1 

– Chapter 3.4.6, the configurations Opt_3 and Opt_4 of the Caffini sprayer are confirmed to be 

the most promising spray application techniques and hence, the sprayer settings to be used in 

the WP5 field trials are clearly defined. These configurations were shown to be able to maximize 

the canopy spray deposition while minimizing the off-target losses, especially spray drift. An 

efficient spray application is the main strategy to simultaneously increase the benefits of plant 

protection products, reduce the risk of environmental and human contamination, and produce 

high-quality and safe food in a sustainable way. 

However, at this stage it is not possible to indicate the exact optimized sprayer configurations 

to be tested within WP5. The configurations have to be defined and adjusted based on the  

vineyard canopy characteristics at farm-scale, case by case and in each growth stage at the 

time of spray application. 
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4. Apple scab/apple orchards case 

4.1 Introduction 

4.1.1 Planting system and crop characteristics 

The same planting system as defined within Task 4.1 and described in Deliverable 4.1 – 

Chapter 4.2 is considered to assess the drift reduction technologies in Task 4.2. A schematic 

design of the apple orchard field plot, where the field trials in WP5 will be conducted, is given 

in Figure 38. 

 

Figure 38: Schematic design of the apple orchard field plots. 

 

4.1.2 Sprayer configurations and settings 

The same reference and starting point sprayer settings as considered in Task 4.1 and described 

in Deliverable 4.1 – Chapter 4.3 are considered for the drift trials as presented in Table 20. 

The reference sprayer within the apple orchards case is the Fede Futur axial fan sprayer 

(Pulverizadores Fede, S.A.L., Cheste, Valencia, Spain). The sprayer has 26 nozzles available 

but within this project only 20 nozzles were used. 

The existing air blast orchard sprayer Fede Inverter Qi 9.0, is considered as the starting point 

sprayer for the apple orchards case.  

In addition, the 2 optimal nozzle configurations (T6 and T10) are considered as optimizations. 

These configurations were selected based on the combined results of the air flow pattern 

measurements, spray distribution and coverage measurements (described in Deliverable 4.1 – 

respectively Chapter 4.4.6, 4.4.5, and 4.4.7). Table 21 tabulates the sprayer settings of these 

configurations. 
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Table 20: Overview of the reference and starting point sprayer characteristics and 

settings. 

 Reference sprayer Starting point sprayer 

Sprayer brand & model Fede Futur Fede Inverter Qi 9.0 H3O 

Nozzle type Albuz ATR 80 red hollow cone TeeJet disc core (D3 DC25 & D3 DC35) 

Number of nozzles 26 (20 used within the project) 22 

Spray pressure (bar) 10.9 11.8 

Application rate 

(L/ha ground area) 
1000 1000 

Driving speed (km/h) 6.0 5.0 

Air flow settings 85.000 m³/h; 900 mm fan; 540 rpm 55.000 m³/h; 900 mm; 480 rpm 

Deflectors No Yes, 43° angles 

 

Table 21: Overview of the 2 optimal sprayer configurations tested in the drift trials. 

 T6 T10 

Nozzle type Lechler IDK 90 02 Lechler IDK 90 03 

Active nozzles (L + R) 10 + 10 10 + 10 

Spray pressure (bar) 10.9 4.9 

Application rate  

(L/ha ground area) 
1003 1003 

Forward speed (km/h) 5.0 5.0 

Nozzle flow rate (L/min) 1.52 1.52 

Fan gear speed 1980 1980 

PTO (rev/min) 480 480 

Blade orientation 30° 30° 

 

4.1.3. Possible drift reduction technologies of starting point sprayer 

The considered starting point sprayer is a spray application with 11 + 11 disc core nozzles at a 

spray pressure of 11.8 bar, at 5.0 km/h, corresponding to 1000 L/ha of ground area (Table 20). 

The goal of this WP is to optimize the applications with the starting point sprayer resulting in 

the best spray deposition and coverage, while minimizing the environmental impact (such as 

spray drift and water usage). In this task and deliverable, the focus is on the possible drift 

reduction technologies. Following the experiments reported in Deliverable 4.1, the drift 

reduction technologies considered were: 

- Optimization of air flow by selecting the optimal fan gear speed and PTO revolution 

speed. 

- Optimization of air flow by selecting the optimal blade orientation. 

- Use of flat fan nozzles (IDK vs. disc core and hollow cone nozzles). 

- Use of drift reducing nozzles (IDK nozzles). 
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4.2. Experiments 

4.2.1. Air flow measurements 

To characterize the air distribution of different configurations of the fan, outdoor semi-field  trials 

were performed. Air characterization was performed for the reference sprayer and for five 

configurations with the starting point sprayer, i.e. for the large gear with 20°, 30° and 35° blade 

orientation and for the short gear with 20° and 35° blade orientation (Table 22). These 

configurations covered the minimum, maximum, and manufacturer recommended air flow 

rates. For the same configurations, the 2D air flow pattern was measured, as described in 

Deliverable 4.1 – Chapter 4.4.6. The trials were carried out for both sides of the sprayer.  

The experiment consisted of measuring the air flow expelled by the sprayer before and after an 

artificial orchard vegetation. The artificial vegetation had similar orchard tree characteristics of 

the use-case zone in Spain where the WP5 field trials will be performed (Figure 38). 

A schematic of the experimental design is given in Figure 39. Three artificial trees were placed 

in such a way to simulate the real crop dimensions. The characteristics of the artificial trees 

were described in detail in Deliverable 4.1 – Chapter 4.4.7. In addition, the sprayer was 

positioned relative to the trees to simulate a distance of 2.0 m from the center of the sprayer to 

the center of the trees corresponding with a row distance of 4 m, in line with the planting system 

characteristics of the WP5 field plots (Figure 38). 

A windmaster 3D anemometer (Gill Instruments, Meteorological technology, Hampshire, UK) 

was used to obtain the magnitude and orientation of the airflow expelled by the static sprayer. 

The anemometer was placed perpendicular to the airflow outlet, at two different positions from 

the sprayer. The first post was placed at 1.2 m and the second at 2.8 m from the sprayer axis. 

For both positions (P1 and P2), measurements were taken from 40 cm above the ground up to 

4 m high, at intervals of 20 cm. At each height, measurements were taken during 1 min at a 

frequency of 10 Hz. 

The environmental wind conditions (direction and velocity) were registered during the trials 

using an Hortimax Clima 500, in order to guarantee the limits established by the Spanish 

national legislation (< 3 m/s) for spray applications. The weather station was placed 5 m above 

the ground, in order to be above the artificial trees, and 25 m downwind from the sprayer. 
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Figure 39: Schematic of semi-field trials using the 3D anemometer. 

Table 22: Airflow rates for different fan configurations (short and large gear with 

different blade angles [20°, 30° and 35°]). 

Configuration of the fan Air flow rate (m3/h) 

Short, 20º 16 577 

Large, 20º 17 372 

Large, 30º 26 200 

Short, 35º 28 150 

Large, 35º 30 980 

Reference sprayer 74 261 

 

Figure 40 shows the airflow distribution pattern of the tested configurations, both in front and 

behind the canopy. On the left side of the smart sprayer, the air flow tended to be directed to 

the ground for all configurations, while on the right side the opposite was observed. The air on 

the right side tended to go to and slightly over the top of the canopy. This asymmetrical 

distribution was caused by the fan rotation direction, which was counter-clockwise, and was 

present for all the configurations of the smart sprayer. 

Regarding the air behind the trees, the flow is increased in accordance with the airflow outlet 

section. The configuration “Large 30º” (which was selected as optimal in Deliverable 4.1) 

showed the best results. 

The results also showed a direct relationship between the airflow expelled just after the outlet 

of the fan (Table 22) and the amount of air measured in these trials, both before and after the 

artificial trees, as the magnitude of the airflow seems proportional to the airflow at the outlet. 

Very low airflow values were observed for the reference sprayer, despite emitting the highest 

air flow rate at the section outlet. This could be explained by the air flux emitted by the reference 

sprayer which does not flow perpendicular to the outlet section, where the anemometer was 

placed. 
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To observe the flux variability of the airflow velocity measurements, the turbulence of the airflow 

was studied. High coefficients of turbulence imply unstable values. The turbulence coefficient 

was calculated using Equation (6) (Salcedo, 2015) and expresses the relationship between the 

instantanious airflow velocity fluctuation (u’x/y/z ) over the same flow average (Ux/y/z).  

 (6) 

 

The coefficients of turbulence (%) for the correspondent airflow velocities (m/s) of each 

configuration tested are given in Figure 41 and Figure 42 for the different heights of the 

measurement. The velocity magnitudes are also presented. It can be observed that the lower 

the velocity, the higher the turbulence. When the air velocity increases, the air flow becomes 

less turbulent, thus more stable. For the smart sprayer configurations, a similarity between the 

shapes at the same side of the sprayer can be observed, but with increasing magnitude in 

relation to the airflow section output. On the left side the turbulence is higher, especially on the 

top where the air velocity is lower, but at the right side a more constant air flow behavior with 

height was found. 

Figure 41 and Figure 42 also illustrate the fan rotation consequences on the left-top and the 

right-bottom side as previously explained. 

The results of the reference sprayer show that the main airflow stream was not measured, as 

it deviates more from the perpendicular outlet section than the smart sprayer. Even the high 

velocities showed high turbulence, indicating airflow instability.  
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Figure 40: Airflow direction and velocity (2D components) at both sides of the sprayer 

for the different fan configurations. 
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The cumulative volumetric droplet size and velocity distribution of the apple case nozzle 

pressure combinations, spraying at 0.5 m spray height, without air support, are displayed in 

Figure 43 and Figure 44. An overview of the most important droplet size and velocity 

characteristics is given in Annex 4. The PDPA measurements indicate that the drift reducing 

flat fan nozzles generated the coarsest droplet size spectrums (VMD = 385 µm for IDK 90 03 

at 4.9 bar, and 333 µm for IDK 90 02 at 10.9 bar). The other nozzles generated considerably 

finer but comparable droplet sizes (VMD = 177 µm for Albuz ATR 80 red at 10.9 bar, and 175 

and 186 µm for D3 DC25 and D3 DC35 at 11.8 bar). The highest volumetric median droplet 

velocities were found for the drift reducing nozzles (vv0.5 = 7.4 and 6.9 m/s for IDK 90 02 at 10.9 

bar and IDK 90 03 at 4.9 bar, respectively) and for disc core nozzle D3 DC35 at 11.8 bar (vv0.5 = 

7.0 m/s), whereas a much lower velocity was found for disc core nozzle D3 DC25 at the same 

spray pressure of 11.8 bar, i.e. vv0.5 of 4.7 m/s. The lowest volumetric median droplet velocity 

was found for the hollow cone nozzle Albuz ATR red spraying at 10.9 bar (vv0.5 = 2.3 m/s). 

 

Figure 43: Cumulative volumetric droplet size distribution for 5 apple case 

nozzle/pressure combinations spraying at 0.5 m spray height, without air support. 
 

 

Figure 44: Cumulative volumetric droplet velocity distribution for 5 apple case 

nozzle/pressure combinations spraying at 0.5 m spray height, without air support. 
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4.2.3. Drift measurements 

To determine the optimal sprayer configuration which results in the lowest environmental risk, 

potential spray drift measurements were carried out. The experiments took place at the UPC 

facilities (Agropolis-UPC, Viladecans, Spain), using a potential drift test bench (Gil et al., 2014) 

from AAMS-Salvarani of 20 m length (Figure 45). The test bench consisted of 40 slots, each 

containing one Petri dish collector, placed at 50 cm intervals.  

 

Figure 45: Potential drift measurements using a test bench. 

Four different sprayer configurations were tested, i.e. the reference sprayer configuration, the 

starting point configuration and the two selected optimum configurations (T6 and T10) (Table 

20 and Table 21). For all configurations, potential spray drift was measured for both sides of 

the sprayer. Three replications were performed per configuration, resulting in a total of 24 trials. 

The methodology described by Grella et al. (2017a) was followed. Figure 46 gives a schematic 

overview of the experimental design of the measurements. Artificial collectors (Petri dishes of 

140 mm diameter and a capture area of 153.86 cm2) were used. The collectors were initially 

covered by stainless steel plates of the test bench. Tartrazine (E-102) at a concentration of 

5 g/L was used as a tracer. The trials consisted of a spray application over 50 meters. The 

spray application started 25 m before the test bench and continued 25 m after the sprayer 

passed the test bench. The driving direction of the sprayer was perpendicular to the bench. 

Only the nozzles facing the test bench were activated (one sprayer side). Four seconds after 

the sprayer activated a pneumatic actuator (which was positioned according to the velocity of 

each sprayer), the test bench automatically uncovered the collectors to allow the droplets which 

were suspended in the air to deposit on the collectors. One minute after uncovering the 

collectors, the Petri dishes were covered and collected for further analysis.  

Meteorological conditions were recorded during the trials using a weather station with a data 

logger (Campbell Scientific, CR800), measuring at 1Hz frequency, and equipped with 2D 

ultrasonic anemometer (placed at 2 m height), relative humidity and temperature sensors. The 

weather station was placed 25 m downwind from the spray track (Figure 46). Tests were 

conducted at an average wind velocity of 0.6 m/s and a maximum wind velocity of 1.2 m/s, in 

line with the range established by Gil et al. (2015). The air temperature during the trials was 

between 5.5 °C and 10.6 °C with an average of 7.2 ºC and the relative humidity between 86% 

and 95%. The wind velocity differences over all repetitions was on average 0.2 m/s. 
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Figure 46: Schematic overview of the potential spray drift trials. 

 

The samples were analyzed in the laboratory using a spectrophotometer (Thermo Scientific 

266 Genesys 20, Thermo Fisher Scientific Inc., Waltham, USA) at a wavelength of 427 nm.  

The deposit on each artificial collector (Di), expressed in µl/cm2, was calculated according to 

ISO 22401 (ISO, 2015) using Equation (7). 

Di = (psmpl x Vdil)/(pspray x Acol) (7) 

where Di is the spray deposit on a single collector (µl/cm2);  psmpl is the absorbance value of the 

sample (dimensionless); Vdil is the volume of the dilution liquid (deionized water) used to 

dissolve the tracer deposit from the collector (µl); pspray is the absorbance value of the spray 

mix concentration applied during the tests and sampled at the nozzle outlet (dimensionless); 

and Acol is the projected area of the collector detecting the spray drift (Petri dish) (cm2). 

The Drift Potential Values (DPV) (µl/cm-2 · m) were calculated using the methodology proposed 

by Grella et al. (2017a and 2019) using Equation (8) to compare the treatments.  

DPV = Coeff x Σ Di (8) 

where DPV is the drift potential value (µl/cm2 · m), Coeff is a variable coefficient in meter, 

calculated based on the cumulative deposition curve obtained from the spray deposit measured 

on every single collector; and Di is the spray deposit on a single collector (µl/cm2). 

The Coeff value calculation includes the distance reached by the spray drift, and was calculated 

using Equation (9). The coefficient is focused at weighing the deposition in relation to the 

distance from the sprayer achieved and penalising spray drift that reaches a longer distance 

rather than a shorter one. 
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Coeff = Σ (Dstnx10) (9) 

where Coeff is a variable coefficient (meter); Dstnx10 corresponds to the value equal to the 

distance in meter from the outer sprayer nozzle where n x 10 % of the cumulative spray drift 

deposit calculated is achieved. 

To compare all configurations, the Potential Spray Drift Reduction (PSDR) relative to the 

reference sprayer configuration (T1) was calculated according to ISO 22369 (ISO, 2006), as 

follows: 

PSDR (%) = 100 x (DPVT1 – DPVi)/DPVT1 (10) 

 

Figure 47 shows the deposition curves of potential spray drift, as the average of both sides of 

the sprayer, on the test bench for all the tested configurations. Configuration T10, which 

corresponds to the Lechler IDK 9003 nozzles, showed generally the lowest potential spray drift 

losses which can be explained by the combined effect of coarser droplets, lower spray pressure 

and a lower and adjusted airflow. The starting point configuration (T2) showed high depositions, 

even at larger distances from the sprayer (11.5 m). From the deposition curves at both sides of 

the sprayer separately (Figure 48), the effect of the fan rotation could be observed, as also 

seen for the airflow measurements in Chapter 4.2.1. As the airflow tended to be directed to the 

ground on the left side of the sprayer, the potential drift depositions of all configurations, were 

closer to the sprayer at that side. At the right side of the sprayer, the tracer was deposited 

further and the deposition curves were generally flatter, in agreement with the airflow on this 

side tending to go upwards and therefore reach further, causing increased risk of environmental 

contamination. 

 
Figure 47: Potential drift deposition (µl/cm2) at different distances on the test bench for 

the tested configurations. 

 

Figure 48: Potential drift deposition (µl/cm2) at different distances on the test bench for 

the tested configurations and both sides of the sprayer separately. 

Reference sprayer (T1) Smart sprayer �±5 bar (T10)Smart sprayer-10 bar (T6)Starting point sprayer (T2)
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The Drift Potential Values and Potential Spray Drift Reductions are presented in Table 25. The 

optimized smart sprayer configuration T10 showed the lowest Drift Potential Values (184.8), 

indicating the lowest drift potential. Second lowest DPV was found for optimized smart sprayer 

configuration T6 (375.7), followed by the reference sprayer configuration (440.8). The starting 

point sprayer configuration had the highest DPV (566.5).  

The starting point configuration showed a negative potential drift reduction (- 28.5%) compared 

to the reference sprayer (0%), indicating a higher risk of spray drift with this configuration. 

Configuration T10, with air inclusion nozzles IDK 9003 spraying at a reduced pressure of 

4.9 bar, resulted in the highest potential spray drift reduction (58.1%). Configuration T6 also 

consisted of air inclusion nozzles but of a smaller nozzle size (IDK 90 02) and spraying at a 

higher spray pressure (10.9 bar). With this configuration a much lower potential drift reduction 

(14.8%) was obtained. The difference in potential drift reduction between both configurations 

can be explained by the difference in droplet size and spray pressure. Configuration T6 resulted 

in slightly smaller droplets (VMD = 333 µm) than configuration T10 (385 µm), as can be seen 

in Figure 43. 

 

Table 25: Drift Potential Value (DPV) and Potential Spray Drift Reduction (PSDR) for the 

different configurations tested 

Configuration DPV (µl/cm2-m) PSDR (%) 

T1 - Reference sprayer 440.8 0% 

T2 – Starting point sprayer 566.5 - 28.5% 

T6 – Smart sprayer 375.7 14.8% 

T10 – Smart sprayer 184.8 58.1% 

 

 

4.3. Conclusion 

Considering the results obtained in terms of spray deposition, air distribution and potential spray 

drift, the following conclusions were established: 

 The optimal air assistance configuration for the planting system and canopy 

characteristics specified for the apple orchard case within the OPTIMA project was the 

large rotary speed of the fan in combination with 30º blade angle, as discussed in 

Deliverable 4.1. This configuration generated the lowest air flow exceeding the 

vegetation, which can be linked to a reduction in drift and losses to the ground. 

 Sprayer configuration T10 (10 + 10 Lechler IDK 90 03 nozzles spraying at a pressure 

of 4.9 bar) resulted in the highest potential drift reduction compared to the reference 

sprayer, which can mainly be attributed to the larger droplet sizes. 

Therefore, the optimal configuration T10, consisting of Lechler IDK 90 03 at 4.9 bar, has been 

selected for the pilot tests in the apple orchards use-case zone in Spain for WP5 field validation. 
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5. Decision Support System (DSS) 

 

Crop protection spraying technology, which includes pesticides, herbicides, insecticides and 

fungicides, helps to control the thousands of harmful insects and numerous plant diseases that 

afflict crops. The most important goal in spraying application is to get a uniform distribution of 

the chemicals throughout the crop foliage. Underdosing does not give the desired coverage 

and control needed, while overdosing is expensive as it wastes pesticide and increases the 

potential for groundwater contamination. Faulty spraying operations due to wrong settings and 

applications in unfavorable weather conditions are a common practice in agriculture. A faulty 

spraying operation leads farmers to repeat spraying, which have negative environmental 

impacts and increases production cost. In a typical vineyard for table grapes, for instance, a 

total of 10 spraying operations are needed per growing season, but due to failure of properly 

spraying, quite often growers need to perform up to 16 spraying operations per growing season. 

Farmers should spray only on favorable weather conditions and should avoid spraying at windy 

days or when there is a forthcoming rain. Spray drift is a major problem in spraying operations, 

which results in losses of spraying chemical, decreases the uniformity of distribution and may 

damage neighboring crops and be an environmental hazard. For this reason, the methodology 

developed by AGENSO for the prediction of the ideal timing for spray application, was 

embedded into OPTIMA’s Decision Support System (DSS). The methodology and its 

integration in the DSS will be described in more detail in Deliverable 2.2. 

To achieve this, the weather forecast data of the pilot areas, are analyzed by a cloud service 

that was developed for this need, and the optimal time window (for the following 5 days with 3 

hours interval) for efficient spray application is being proposed from the DSS. For enabling this 

DSS capability, the ideal timing prediction module for spray application was embedded into 

OPTIMA DSS on a local/offline environment to test and evaluate the results.  

Specifically, during the evaluation period, weather forecast data for the selected areas have 

been retrieved via various weather providers and used to finalize the algorithms, where, the 

results of these tests lead to the enhancement of the accuracy and effectiveness of the 

algorithms by taking into account not only wind velocity, but temperature, humidity and 

precipitation data as well.  As a result of this integration, the DSS can now project for the 

infected areas the optimal days for applying spraying operations based on the weather forecast 

information. 
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Table A1.1: Spray configurations and air support settings tested for spray deposition 

on early stage carrots. 

Setting Nozzles (N) Comment 

Air 

support 

(m/s) 

Nozzle 

height/distance 

(cm) 

Application rate  

(L/ha)a 

1 XR 110 04 (4) 

Reference 

broadcast 

application 

0 50/50 158 L/hab 

2 

XR 80 04 (4) 

Narrow spray 

angle reference, 

band spray 

application 

0 

40/40 135 L/hac 3 4 

4 8 

5 

AI 80 04 (4) 

Drift reducing 

narrow spray 

angle, band spray 

application 

0 

40/40 135 L/hac 6 4 

7 8 

8 

XR 80 02 (4) 

Narrow spray 

angle, low 

volume, band 

spray application 

0 

40/40 68 L/hac 9 4 

10 8 

11 

AIUB 85 04 (2) + AI 110 04 (2) 

Drift reducing off-

center nozzle, 

band spray 

application 

0 

45/45 135 L/had 12 4 

13 8 

a Application rate expressed as L/ha of total ground area at 12 km/h 
b Broadcast application with 42 nozzles on a 21 m spray boom 
c Bed spray application with 36 nozzles (4 nozzles per bed) on a 21 m spray boom 
d Bed spray application with 36 nozzles (4 nozzles per bed, incl. 2 off-center nozzles) on a 21 m spray boom  

 

Plastic collectors made of PVC (7 cm x 3 cm, thickness 0.3 mm; Figure A1.2) were distributed 

in the canopy with either a horizontal or vertical position. Four collectors were placed per bin, 

corresponding to 12 collectors per replicate (4 collectors x 3 bins). Due to the low height of the 

crop, it was not possible to sample the ground deposition under the canopy. 

 

Figure A1.2: Artificial collector used for spray deposition measurements with tartrazine 

dye tracer. 
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Spray mixes of Tartrazine (food dye E102) were prepared at a concentration of 5 g/L with water. 

A volume of about 50 ml of spray mix was systematically sampled at a nozzle outlet before 

each spray application to determine the application concentration. 

After exposure to the sprays, the 4 canopy collectors from the same bin were gathered and 

placed into a small container of 100 ml and washed with 20 ml of deionized water (Figure A1.3). 

Spray mix samples were used to draw the calibration curves considering successive dilutions 

up to the upper detection limit of quantification of the spectrometer. Three sub-diluted samples 

were measured to draw the calibration curve (Figure A1.3). In total, 24 or 36 canopy collectors 

were analyzed per spray setting. The total number of collectors analyzed in this study was 336 

(24 collectors x 11 spray settings plus 36 collectors x 2 spray settings). 

  

Figure A1.3: Dye tracer extraction from collectors (left) and calibration curve with spray 

mix (right). 

 

A statistical analysis was performed to verify the effect of spray configuration and air setting on 

the relative deposition on early stage carrots. The results are given in Table A1.2 and A1.3. No 

transformation of the data was performed since the data had a normal distribution. Table A1.2 

shows the results of the one-way ANOVA with relative deposition as dependent variable and 

spray configuration and air setting as independent variables. Spray configuration was shown to 

have a significant effect on relative deposition, whereas air setting had no significant effect. 

 

Table A1.2: One-way ANOVA with relative deposition as dependent variable and spray 

configuration and air setting as independent variables. 

Variables Df P-value Signif * 

Spray configuration 4 1.93e-09 *** 

Air setting 2 0.13 ns 

*Statistical significance level : ‘ns’ p > 0.05 ; ‘*’ p < 0.05 ; ‘**’ p < 0.01 ; ‘***’ p < 0.001 
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Figure A1.4 shows the mean relative deposition per spray configuration (all air settings 

included) and the effect of spray configuration on relative deposition using a Tuckey post hoc 

test. The relative deposition of reference configruation XR 110 04 (49%) was significantly lower 

than the other configurations. The relative depositions of configurations AIUB 85 04, XR 80 02 

and XR 80 04 (respectively 88%, 88% and 86%) were not significantly different from each other, 

but were significantly higher than configuration AI 80 04 (74%). In comparison to the relative 

depositions found on full grown carrots (Deliverable 4.1 - Chapter 2.4.6), the relative canopy 

deposition with the reference configuration XR 110 04 was comparable (around 50%), as both 

measurements were performed at 50 cm nozzle height/distance. For the other spray 

configurations, the relative depositions were found to be higher on early stage carrots than on 

full grown carrots. This can be explained by the reduced nozzle height (40 or 45 cm in early 

stage carrots vs. 60 to 65 cm in full grown carrots), resulting in a higher deposition. 

 

Figure A1.4: Relative deposition (%) per spray configuration (mean ± SEM). Different 

letters denote significant differences between spray configurations (post hoc Tukey 

test, P < 0.05). 

 

Table A1.3 presents the results of the two-way ANOVA with relative deposition as dependent 

variable and spray configuration, air setting and their interaction as independent variables, 

using all data except configuration XR 110 04, as this configuration was only tested without air 

support. The interaction had a significant effect on the relative deposition, meaning that the 

effect of spray configuration on the relative deposition depends on the intensity of the air 

support and vice-versa. 
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Table A1.3: Two-way ANOVA with relative deposition as dependent variable and spray 
configuration, air setting and their interaction as independent variables (XR 110 04 

excluded). 

Variables Df P-value Signif * 

Spray configuration 3 0.58 ns 

Air setting 2 0.55 ns 

Spray configuration* Air setting 6 0.016 * 

*Statistical significance level : ‘ns’ p > 0.05 ; ‘*’ p < 0.05 ; ‘**’ p < 0.01 ; ‘***’ p < 0.001 

 

To analyze the interaction effect, the main effect of the air setting was studied for each spray 

configuration separately. Figure A1.5 shows the relative deposition per spray configuration and 

air setting, with indication of significant differences between air settings within each spray 

configuration. Except for configuration XR 80 02, no significant differences were observed  

between the air settings for the other configurations. The relative deposition otained with 

configuration XR 80 02 with no air support was significantly higher than with full air support. In 

case of AIUB8004 and XR 8002, the relative deposition decreased with increasing velocity of 

the air support, whereas for AI 80 04 and XR 80 04, the deposition increased at full air support 

compared to no air support, but intermediate air support gave contrasting results.  

 

 

Figure A1.5: Relative canopy deposition (%) per spray setting (mean ± SEM). Different 

letters within the same spray configuration denote significant differences between air 

settings (post hoc Tukey test, P < 0.05). 
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Table A1.4 shows the relative depositions obtained on early stage and full grown carrots 

(Deliverable 4.1 - Chapter 2.4.6). For all spray configurations, the relative depositions were 

higher on the early stage crop than on the full grown crop. This can be explained by the more 

developed folliage of the full grown crop which hinders the spray penetration, and therefore the 

deposition, more compared to a less developed folliage. A slight increase of 9% was observed 

for the reference configuration XR 110 04 on the early stage crop compared to the full grown 

crop. In both trials, the same spray boom height and nozzle spacing of 50 cm was used with 

this configuration. The lower spray boom heights and nozzle spacings used with the other 

configurations may further explain the higher depositions on the early stage crop. The relative 

depositions increased by circa 30% for the configurations with AI nozzles. The highest 

increases in deposition were observed for configuration XR 80 04 and XR 80 02 with 73 and 

75%, respectively.  

Table A1.4 : Relative canopy deposition (%) at early and full grown crop stage and the 

difference between both, for various spray configurations. 

Spray configuration 
Rel. deposition on 

early stage crop (%) 
Rel. deposition on 
full grown crop (%) 

Difference in rel. 
deposition between 

both crop stages 
(%) 

AI 80 04 74 56 32 

AIUB 85 04 88 67 31 

XR 110 04 49 45 9 

XR 80 02 88 51 73 

XR 80 04 86 49 76 

 

The spray deposition measurements on early stage carrots confirmed the interest of narrow 

nozzle spacing and low nozzle height in order to cope with bed cropping system at early crop 

development stage. Compared to a full grown crop (Deliverable 4.1 - Chapter 2.4.6), the 

deposition increased by 9 to 76% depending on the spray configuration. The same spray 

configuration as for full grown carrots gave the best deposition results on early stage carrots, 

i.e. the configuration comprising of a combination of AIUB 85 04 and AI 110 04 nozzles. 

Furthermore, reference configuration XR 110 04 resulted in similar depositions as those 

obtained on carrots at a later growth stage. As for full grown carrots, the air support did not 

show a significant effect globally on the deposition on early stage carrots. 
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Table A2.3: Droplet velocity characteristics vv0.10, vv0.25, vv0.50, vv0.75, vv0.90, vavg and VSF (average ± SD) of 6 carrot case nozzle types without air support. 

 

Nozzle type 
Pressure 

(bar) 

vv0.10 

(m/s) 

vv0.25 

(m/s) 
vv0.50 

(m/s) 

vv0.75 

(m/s) 

vv0.90 

(m/s) 

vavg 

(m/s) 
VSF 

XR 110 04 VS 3.0 1.7 ± 0.1 3.0 ± 0.1 5.5 ± 0.2 8.7 ± 0.2 11.2 ± 0.3 3.2 ± 0.0 1.7 ± 0.0 

AI 110 04 VS 3.0 2.2 ± 0.0 3.5 ± 0.0 5.1 ± 0.1 6.7 ± 0.1 8.1 ± 0.1 3.0 ± 0.1 1.2 ± 0.0 

AIUB 85 04 VS 3.0 2.4 ± 0.1 3.9 ± 0.1 5.8 ± 0.1 7.6 ± 0.1 8.9 ± 0.1 3.3 ± 0.0 1.1 ± 0.0 

XR 80 04 VS 3.0 2.7 ± 0.1 5.0 ± 0.1 8.3 ± 0.1 11.4 ± 0.2 13.7 ± 0.2 4.2 ± 0.1 1.3 ± 0.0 

XR 80 02 VS 3.0 1.5 ± 0.1 2.5 ± 0.1 4.8 ± 0.2 7.8 ± 0.1 10.3 ± 0.1 2.8 ± 0.0 1.8 ± 0.1 

AI 80 04 VS 3.0 3.1 ± 0.1 4.9 ± 0.1 6.5 ± 0.1 8.0 ± 0.1 9.1 ± 0.1 3.5 ± 0.1 0.9 ± 0.0 
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Table A2.4: Droplet size characteristics Dv0.1, Dv0.25, Dv0.5, Dv0.75, Dv0.9, D10, D20, D30 and D32 (average ± SD) of 4 carrot case nozzle types with air support 

(0, 1400, 1750, 2000 rpm). 

 

  

Nozzle type 
Air support 

(rpm) 

Pressure 

(bar) 

Dv0.1 

(µm) 
Dv0.25 

(µm) 
Dv0.5 

(µm) 
Dv0.75 

(µm) 
Dv0.9 

(µm) 
D10 

(µm) 
D20 

(µm) 
D30 

(µm) 
D32 

(µm) 

AI 80 04 VS 0 3.0 275.2 ± 2.5 360.0 ± 3.6 456.7 ± 6.0 606.5 ± 3.7 731.1 ± 6.3 242.7 ± 4.0 285.5 ± 4.3 323.3 ± 4.3 414.5 ± 4.1 

AI 80 04 VS 1400 3.0 275.4 ± 2.5 367.0 ± 2.1 473.9 ± 3.9 623.8 ± 3.4 734.7 ± 4.8 236.5 ± 6.6 281.4 ± 5.9 321.7 ± 5.1 420.4 ± 2.4 

AI 80 04 VS 1750 3.0 272.7 ± 4.5 364.7 ± 5.0 471.5 ± 7.9 618.9 ± 9.8 733.9 ± 13.0 237.0 ± 1.4 280.8 ± 1.8 320.5 ± 2.5 417.5 ± 5.4 

AI 80 04 VS 2000 3.0 273.7 ± 8.3 362.4 ± 5.2 466.9 ± 2.8 619.1 ± 4.7 740.4 ± 4.1 243.3 ± 16.4 285.6 ± 14.4 324.1 ± 12.6 417.3 ± 6.6 

AI 110 04 VS 0 3.0 266.6 ± 4.9 349.5 ± 4.2 445.4 ± 7.2 587.2 ± 9.3 712.9 ± 4.0 234.9 ± 4.7 276.5 ± 4.6 313.4 ± 4.6 402.7 ± 5.7 

AI 110 04 VS 1400 3.0 264.6 ± 1.2 353.8 ± 1.7 456.2 ± 0.8 599.7 ± 5.6 714.9 ± 4.8 230.9 ± 1.8 273.3 ± 1.5 311.8 ± 1.3 405.7 ± 0.7 

AI 110 04 VS 1750 3.0 261.6 ± 0.9 350.2 ± 2.1 454.8 ± 4.1 596.9 ± 5.6 717.9 ± 10.8 227.1 ± 1.4 269.2 ± 1.3 307.8 ± 1.5 402.5 ± 3.1 

AI 110 04 VS 2000 3.0 267.4 ± 10.3 354.9 ± 11.2 455.8 ± 10.5 597.7 ± 9.0 718.0 ± 5.0 238.4 ± 14.0 279.3 ± 13.7 316.7 ± 13.2 407.1 ± 11.3 

XR 80 02 VS 0 3.0 147.6 ± 2.9 200.4 ± 2.9 262.0 ± 0.5 324.0 ± 1.6 381.6 ± 2.6 136.5 ± 2.8 158.4 ± 3.0 178.7 ± 2.5 227.6 ± 2.5 

XR 80 02 VS 1400 3.0 145.9 ± 3.0 198.9 ± 2.2 264.0 ± 1.3 327.3 ± 3.2 386.5 ± 3.5 139.6 ± 2.1 160.6 ± 2.2 180.6 ± 2.2 228.3 ± 2.2 

XR 80 02 VS 1750 3.0 143.7 ± 1.7 195.5 ± 1.4 261.3 ± 3.4 326.1 ± 3.7 386.4 ± 3.6 138.8 ± 1.3 159.3 ± 1.6 178.9 ± 1.8 225.8 ± 2.4 

XR 80 02 VS 2000 3.0 144.9 ± 1.5 197.0 ± 2.0 263.4 ± 3.3 328.4 ± 3.4 387.5 ± 3.9 140.8 ± 2.2 161.2 ± 2.3 180.8 ± 2.4 227.4 ± 2.7 

XR 80 04 VS 0 3.0 182.7 ± 1.9 247.8 ± 0.9 319.9 ± 0.4 391.2 ± 0.8 456.8 ± 1.0 158.1 ± 2.4 187.4 ± 2.4 213.7 ± 2.3 277.8 ± 1.9 

XR 80 04 VS 1400 3.0 194.1 ± 2.7 263.0 ± 3.6 336.8 ± 4.3 402.6 ± 5.0 459.4 ± 5.2 184.3 ± 6.4 211.4 ± 5.6 235.7 ± 5.1 293.1 ± 3.7 

XR 80 04 VS 1750 3.0 187.8 ± 1.0 259.0 ± 1.1 335.8 ± 3.0 403.6 ± 5.1 463.1 ± 9.4 177.4 ± 2.4 204.6 ± 1.7 229.6 ± 1.4 289.1 ± 2.0 

XR 80 04 VS 2000 3.0 193.1 ± 2.3 263.0 ± 1.8 337.4 ± 0.8 403.6 ± 0.4 459.2 ± 2.1 188.5 ± 5.8 214.2 ± 5.0 237.9 ± 4.2 293.3 ± 2.0 
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Table A2.5: Droplet size characteristics V50, V75,  V100,  V150,  V200,  V250, NMD and RSF (average ± SD) of 4 carrot case nozzle types with air support 

(0, 1400, 1750, 2000 rpm). 

 

Nozzle type 
Air support 

(rpm) 

Pressure 

(bar) 

V50 

(%) 

V75 

(%) 
V100 

(%) 

V150 

(%) 

V200 

(%) 

V250 

(%) 

NMD 

(µm) 
RSF 

AI 80 04 VS 0 3.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 1.1 ± 0.1 3.1 ± 0.2 7.0 ± 0.3 216.5 ± 5.5 1.0 ± 0.0 

AI 80 04 VS 1400 3.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 1.2 ± 0.1 3.4 ± 0.2 7.2 ± 0.3 202.5 ± 9.1 1.0 ± 0.0 

AI 80 04 VS 1750 3.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 1.2 ± 0.0 3.5 ± 0.1 7.5 ± 0.3 203.9 ± 2.7 1.0 ± 0.0 

AI 80 04 VS 2000 3.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 1.2 ± 0.2 3.4 ± 0.4 7.3 ± 0.8 212.9 ± 20.5 1.0 ± 0.0 

AI 110 04 VS 0 3.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 1.2 ± 0.1 3.5 ± 0.3 7.9 ± 0.5 208.7 ± 8.1 1.0 ± 0.0 

AI 110 04 VS 1400 3.0 0.0 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 1.4 ± 0.0 3.8 ± 0.1 8.3 ± 0.1 199.2 ± 2.4 1.0 ± 0.0 

AI 110 04 VS 1750 3.0 0.0 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 1.5 ± 0.0 4.1 ± 0.1 8.6 ± 0.1 194.2 ± 2.3 1.0 ± 0.0 

AI 110 04 VS 2000 3.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 1.3 ± 0.2 3.7 ± 0.5 8.1 ± 1.0 207.3 ± 14.7 1.0 ± 0.0 

XR 80 02 VS 0 3.0 0.1 ± 0.0 0.8 ± 0.1 2.5 ± 0.2 10.5 ± 0.6 24.9 ± 1.0 44.6 ± 0.6 118.0 ± 3.7 0.9 ± 0.0 

XR 80 02 VS 1400 3.0 0.1 ± 0.0 0.8 ± 0.1 2.4 ± 0.2 11.0 ± 0.7 25.4 ± 0.8 44.0 ± 0.6 121.9 ± 2.1 0.9 ± 0.0 

XR 80 02 VS 1750 3.0 0.1 ± 0.0 0.8 ± 0.0 2.5 ± 0.1 11.5 ± 0.4 26.5 ± 0.4 45.2 ± 1.2 121.3 ± 1.2 0.9 ± 0.0 

XR 80 02 VS 2000 3.0 0.1 ± 0.0 0.8 ± 0.1 2.5 ± 0.1 11.3 ± 0.4 26.0 ± 0.7 44.8 ± 1.2 182.9 ± 2.4 0.9 ± 0.0 

XR 80 04 VS 0 3.0 0.1 ± 0.0 0.5 ± 0.0 1.3 ± 0.1 5.3 ± 0.3 13.2 ± 0.4 25.7 ± 0.3 132.9 ± 3.8 0.9 ± 0.0 

XR 80 04 VS 1400 3.0 0.0 ± 0.0 0.2 ± 0.1 0.8 ± 0.1 4.1 ± 0.3 11.0 ± 0.5 21.5 ± 0.7 160.8 ± 7.3 0.8 ± 0.0 

XR 80 04 VS 1750 3.0 0.0 ± 0.0 0.3 ± 0.0 1.0 ± 0.1 4.7 ± 0.1 12.1 ± 0.2 22.7 ± 0.3 152.1 ± 3.0 0.8 ± 0.0 

XR 80 04 VS 2000 3.0 0.0 ± 0.0 0.2 ± 0.0 0.8 ± 0.1 4.2 ± 0.3 11.2 ± 0.4 21.7 ± 0.5 164.0 ± 6.0 0.8 ± 0.0 
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Table A2.6: Droplet velocity characteristics vv0.10, vv0.25, vv0.50, vv0.75, vv0.90, vavg and VSF (average ± SD) of 4 carrot case nozzle types with air support 

(0, 1400, 1750, 2000 rpm). 

 

Nozzle type 
Air support 

(rpm) 

Pressure 

(bar) 

vv0.10 

(m/s) 

vv0.25 

(m/s) 
vv0.50 

(m/s) 

vv0.75 

(m/s) 

vv0.90 

(m/s) 

vavg 

(m/s) 
VSF 

AI 80 04 VS 0 3.0 3.7 ± 0.1 5.4 ± 0.1 6.9 ± 0.1 8.3 ± 0.1 9.4 ± 0.1 3.9 ± 0.1 0.8 ± 0.0 

AI 80 04 VS 1400 3.0 4.2 ± 0.2 5.7 ± 0.1 7.1 ± 0.2 8.4 ± 0.2 9.4 ± 0.1 4.9 ± 0.2 0.7 ± 0.0 

AI 80 04 VS 1750 3.0 5.3 ± 0.0 6.6 ± 0.0 7.9 ± 0.0 9.0 ± 0.0 9.9 ± 0.0 6.1 ± 0.1 0.6 ± 0.0 

AI 80 04 VS 2000 3.0 6.0 ± 0.1 7.2 ± 0.1 8.4 ± 0.1 9.5 ± 0.1 10.3 ± 0.1 6.9 ± 0.1 0.5 ± 0.0 

AI 110 04 VS 0 3.0 2.8 ± 0.1 4.1 ± 0.1 5.5 ± 0.1 7.2 ± 0.2 8.5 ± 0.2 3.3 ± 0.1 1.0 ± 0.0 

AI 110 04 VS 1400 3.0 3.8 ± 0.4 4.9 ± 0.3 6.2 ± 0.3 7.6 ± 0.3 8.8 ± 0.3 4.9 ± 0.4 0.8 ± 0.1 

AI 110 04 VS 1750 3.0 4.7 ± 0.0 5.8 ± 0.0 7.1 ± 0.0 8.4 ± 0.0 9.5 ± 0.0 6.1 ± 0.0 0.7 ± 0.0 

AI 110 04 VS 2000 3.0 5.0 ± 0.1 6.1 ± 0.1 7.4 ± 0.1 8.7 ± 0.1 9.7 ± 0.1 6.5 ± 0.1 0.6 ± 0.0 

XR 80 02 VS 0 3.0 1.8 ± 0.1 2.9 ± 0.0 5.5 ± 0.0 8.5 ± 0.1 10.8 ± 0.1 3.0 ± 0.0 1.7 ± 0.0 

XR 80 02 VS 1400 3.0 2.8 ± 0.4 4.3 ± 0.4 6.4 ± 0.3 8.9 ± 0.4 11.0 ± 0.3 4.9 ± 0.3 1.3 ± 0.1 

XR 80 02 VS 1750 3.0 3.5 ± 0.0 5.0 ± 0.0 7.2 ± 0.0 9.6 ± 0.1 11.7 ± 0.1 5.7 ± 0.1 1.1 ± 0.0 

XR 80 02 VS 2000 3.0 4.3 ± 0.1 5.8 ± 0.1 7.9 ± 0.2 10.2 ± 0.2 12.2 ± 0.2 6.4 ± 0.1 1.0 ± 0.0 

XR 80 04 VS 0 3.0 3.3 ± 0.0 5.5 ± 0.0 8.4 ± 0.1 11.4 ± 0.1 13.5 ± 0.1 4.4 ± 0.1 1.2 ± 0.0 

XR 80 04 VS 1400 3.0 7.2 ± 0.5 9.0 ± 0.4 11.2 ± 0.2 13.5 ± 0.1 15.1 ± 0.1 8.3 ± 0.4 0.7 ± 0.1 

XR 80 04 VS 1750 3.0 7.0 ± 0.1 8.7 ± 0.1 11.0 ± 0.0 13.4 ± 0.1 15.1 ± 0.2 8.3 ± 0.1 0.7 ± 0.0 

XR 80 04 VS 2000 3.0 7.3 ± 0.3 9.1 ± 0.5 11.4 ± 0.5 13.6 ± 0.4 15.3 ± 0.2 8.7 ± 0.3 0.7 ± 0.0 
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Table A3.3: Droplet velocity characteristics vv0.10, vv0.25, vv0.50, vv0.75, vv0.90, vavg and VSF (average ± SD) of 5 vineyard case nozzle types. 
 

Nozzle type 
Pressure 

(bar) 

vv0.10 

(m/s) 

vv0.25 

(m/s) 
vv0.50 

(m/s) 

vv0.75 

(m/s) 

vv0.90 

(m/s) 

vavg 

(m/s) 
VSF 

Albuz ATR 80 yellow 14.0 0.9 ± 0.0 1.0 ± 0.0 1.3 ± 0.0 1.8 ± 0.1 2.9 ± 0.2 1.8 ± 0.2 1.6 ± 0.2 

TeeJet TXA 80 02 VK 4.2 0.8 ± 0.0 0.9 ± 0.0 1.2 ± 0.0 2.0 ± 0.1 4.1 ± 0.2 1.4 ± 0.0 2.7 ± 0.1 

TeeJet XR 80 02 VS 4.0 1.6 ± 0.0 2.8 ± 0.1 5.6 ± 0.1 9.4 ± 0.1 12.2 ± 0.1 3.2 ± 0.1 1.9 ± 0.0 

TeeJet AI 80 02 VS 4.0 1.9 ± 0.0 3.3 ± 0.1 5.0 ± 0.1 6.5 ± 0.2 7.5 ± 0.2 2.8 ± 0.0 1.1 ± 0.0 

TeeJet AIUB 85 02 VS 4.0 2.0 ± 0.1 3.3 ± 0.1 5.2 ± 0.1 6.8 ± 0.1 7.9 ± 0.1 2.7 ± 0.1 1.2 ± 0.0 

 

  








