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As an alternative method to simplify the measurement of spray drift, the University of

Turin (Department of Agricultural, Forestry and Environmental Economics and Engineering

(DEIAFA)) developed a drift test bench to assess the spray drift risk generated by field crop

sprayers. The method is based on the principle that the potential spray drift is directly

related to the amount of initial spray that remains suspended in the air after the sprayer

has passed. In this study the drift potential of 16 spray boom application techniques was

assessed using the drift test bench under indoor conditions using a fully automated spray

track and mineral chelate tracers. By comparison with the results from a reference

spraying, the resulting drift reduction potentials were compared with the results from

three other drift assessment methods (field, wind tunnel, Phase Doppler particle analyser

(PDPA) laser measurements). The drift test bench trials confirmed the already known ef-

fects of nozzle type, spray pressure and boom height on drift potential but not of nozzle

size and application speed. In general, the drift test bench showed similar trends as the

other drift assessment methods, although large variations were present and some con-

tradictory results were observed. The test bench is therefore considered a possible alter-

native for measuring potential spray drift of horizontal boom sprayers, albeit future studies

should focus on reducing the sources of variation and evaluating if the methodology is able

to test the effects of sprayer speed.

© 2016 IAgrE. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Worldwide, the environmental concerns related to pesticides

have increased. To limit the negative effects of pesticide

application, the European Union has adopted regulations
nderen.be (D. Nuyttens).
6.09.013
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which include the use of mitigation measures that minimise

the risk of off-site pollution caused by spray drift (European

Commission, 2009). Spray drift, meaning ‘the quantity of

plant protection product that is carried out of the sprayed

(treated) area by the action of air currents during the appli-

cation process' (ISO 22866, 2005), has long been recognised as a
.
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Nomenclature

DPV Drift potential value (�)

drift% Drift percentage in the field expressed as a

proportion of the application rate (%)

drift_dist Drift distance parallel with wind direction (m)

DRP Drift reduction potential (%)

DRPB Drift reduction potential based on drift test

bench measurements (%)

DRPF Drift reduction potential based on field drift

measurements (%)

DRPW Drift reduction potential based on wind tunnel

measurements (%)

F Standard flat-fan nozzle

FPC Filter paper collector

LD Pre-orifice nozzle

Injet An air-induction nozzle design

Nbench Number of repetitions performed using the

drift test bench

Nfield Number of repetitions performed using field

measurements

NPDPA Number of repetitions performed using PDPA

laser measurements

Nwind tunnel Number of repetitions performed using wind

tunnel measurements

PDPA Phase Doppler particle analyser

T Average temperature (�C)
vvol50 Vertical droplet velocity below which slower

droplets constitute 50% of the total spray

volume at 0.50 m below the nozzle (m s�1)

VMD Volumemedian diameter, the droplet diameter

below which smaller droplets constitute 50% of

the total volume (mm)

V3.25m Average windspeed at a height of 3.25m (m s�1)

V75 Proportion of total volume of droplets smaller

than 75 mm in diameter (%)

XH2O Absolute humidity expressed in grams of water

vapour per unit mass of dry air (g kg�1)
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major problem for the environment because it can result in

damage to sensitive adjoining crops (Reddy et al., 2010) and

other susceptible off-target areas (Kjaer, Strandberg, &

Erlandsen, 2006; Marrs & Frost, 1997), environmental

contamination (Holt, 2000), non-legal pesticide residues,

pesticide resistance (Londo, Bautista, Sagers, Lee, & Watrud,

2010), reduced pesticide effectiveness, and health risks to

people (Butler Ellis, Lane, O'Sullivan, Miller, & Glass, 2010) and

animals (Maltby & Hills, 2008; Otto et al., 2013).

Different methods to measure spray drift, both direct and

indirect, have been described. Direct drift measurements by

field experiments are necessary to obtain realistic drift values,

however, they are very time-consuming and depend highly on

external factors. Consequently, great variability between field

experiment results causes them to be unsuitable for the clas-

sification or ranking of sprayer configurations unless sufficient

repetitionsunder similar conditions are available andpairwise

comparison is possible (Gil et al., 2015). In contrast, indirect
methods allow for drift measurements to be performed under

comparable and repeatable conditions (Gil et al., 2014). Wind

tunnel experiments have been used to determine relative drift

values using various protocols. Of three tested wind tunnel

approaches, Nuyttens, De Schampheleire, Verboven, and

Sonck (2010) found that calculating the surface under the

measured fallout deposit curve was best suited to represent

near-field sedimenting drift characteristics. Spray quality

characteristics, such as the proportion of the total volume

below a certain droplet size, have also been used to evaluate

drift using predictive drift models (Hobson, Miller, Walklate,

Tuck, & Western, 1993; Nuyttens et al., 2010).

More recently, the Department of Agricultural, Forestry

and Environmental Economics and Engineering (DEIAFA) of

the University of Turin developed an alternative method to

assess the spray drift risk of field crop sprayers, i.e. the drift

test bench (Balsari, Marucco, & Tamagnone, 2007). The

method is based on the principle that the potential spray drift

from a field boom sprayer is directly related to the amount of

initial spray that remains suspended in the air after the

sprayer has passed and which represents the fraction of spray

liquid prone to drift out of the treated area by the air currents

during the application process (Gil et al., 2014). The drift test

bench was officially adopted by the ISO ad hoc working group

for drift measurements (ISO TC23/SC6/WG 16) as a new

method formeasurement of spray drift potential of horizontal

boom sprayers and a standard protocol was recently pub-

lished (ISO 22401, 2015).

The aim of this study was to evaluate the effects of spray

characteristics, boom height, and application speed on spray

drift potential using the drift test bench in indoor wind-still

conditions using an automated spray track. In addition, the

potential of the drift test bench for drift evaluations was

assessed by comparing the drift reduction potentials from the

drift test bench with the results from three different drift

measurement methods, i.e. field drift measurements

(Nuyttens, De Schampheleire, Baetens, & Sonck, 2007), wind

tunnel measurements (Nuyttens, Taylor, De Schampheleire,

Verboven, & Dekeyser, 2009) and Phase Doppler particle ana-

lyser (PDPA) laser measurements (Nuyttens, Baetens, De

Schampheleire, & Sonck, 2007; Nuyttens, De Schampheleire,

Verboven, Brusselman, & Dekeyser, 2009). Those measure-

ments were performed within the framework of a research

project on spray drift fromfield sprayers (Nuyttens et al., 2011).
2. Materials and methods

2.1. Spray application techniques

The drift potential of 16 spray application techniques con-

sisting of different combinations of nozzle type (standard flat

fan, pre-orifice, air-induction), nozzle size (ISO 02, 03, 04),

application speed (4.0, 6.0, 8.0 km h�1), and spray boom height

(0.30, 0.50, 0.75 m) was determined using the drift test bench.

These techniques have previously been testedwith field, wind

tunnel, or PDPA laser measurements in a study by Nuyttens

et al. (2011). An overview of the tested techniques is given in

Table 1. The reference spray application was defined as a

Hardi (Hardi International, Nørre Alslev, Denmark) ISO F110 03
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Table 1 e Overview of the tested spray application techniques and the number of repetitions performed using the drift test
bench, field, wind tunnel and PDPA laser measurements.

Technique Nozzle type Spray pressure
(kPa)

Boom height
(m)

Speed
(km h�1)

Application rate
(l ha�1)

Nbench Nfield Nwind

tunnel

NPDPA

F 03-0.30 m Hardi ISO F 110 03 300 0.30 8.0 180 4 3 NA NA

F 03-0.75 m Hardi ISO F 110 03 300 0.75 8.0 180 4 3 NA NA

F 03-4 km h�1 Hardi ISO F 110 03 300 0.50 4.0 360 4 4 NA 9

F 03-6 km h�1 Hardi ISO F 110 03 300 0.50 6.0 240 4 3 NA 9

F 03-200 kPa Hardi ISO F 110 03 200 0.50 8.0 147 4 3 3 9

F 03-400 kPa Hardi ISO F 110 03 400 0.50 8.0 208.5 4 5 NA 9

F 02 Hardi ISO F 110 02 300 0.50 8.0 120 4 3 1 9

F 03a Hardi ISO F 110 03 300 0.50 8.0 180 4 32 18 9

LD 02 Hardi ISO LD 110 02 300 0.50 8.0 120 4 3 4 9

LD 03 Hardi ISO LD 110 03 300 0.50 8.0 180 4 3 3 9

LD 04 Hardi ISO LD 110 04 300 0.50 8.0 240 4 2 3 9

Injet 02 Hardi ISO Injet 110 02 300 0.50 8.0 120 4 3 5 9

Injet 03 Hardi ISO Injet 110 03 300 0.50 8.0 180 4 3 3 9

Injet 04 Hardi ISO Injet 110 04 300 0.50 8.0 240 4 3 3 9

Injet 03-

4 km h�1

Hardi ISO Injet 110 03 300 0.50 4.0 360 4 NA NA 9

Injet 03-

6 km h�1

Hardi ISO Injet 110 03 300 0.50 6.0 240 4 NA NA 9

F, standard flat-fan nozzle; LD, pre-orifice nozzle; Injet, air-induction nozzle design.

NA: not available.
a Reference spray application.
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standard flat-fan nozzle operating at a spray pressure of

300 kPa, a spray boom height and nozzle distance of 0.50 m,

and an application speed of 8.0 km h�1, resulting in an appli-

cation rate of 180 l ha�1.

2.2. Experimental setup

The drift test bench measurements were performed indoor at

the Spray Technology Laboratory (2016) of The Institute for

Agricultural, Fisheries and Food Research (ILVO, Belgium). A

schematic overview of the experimental setup of the drift test

bench measurements is given in Fig. 1.

The test bench, developed atDEIAFAanddescribed indetail

by Balsari et al. (2007), consisted of a 6.0 m � 0.5 m steel frame

trackprovidedwithaligned slots (n¼ 12) inwhich circularfilter

paper collectors (FPC, 15 cm diameter, 176 cm2 capture area,

Whatman® glass micro-fibre filters, grade GF/C, General

Electric, Fairfield, CT, USA)were placed at 0.50m intervals. The

test bench was placed on a concrete floor with the line of col-

lectors aligned in the centre of a six-nozzle horizontal spray
Collector with sliding cover

Actuator for uncovering the collectors

Collector without cover

6.0 
2.0 m

12    11    10 9      8 7

12.0 m spra

13    end

Fig. 1 e Schematic overview of the dri
boom (2.5 m wide) and positioned parallel to its travel direc-

tion. The spray boomwasmounted on a fully automated spray

track (12.0 m long) (Foqu�e & Nuyttens, 2010). The FPC were

located circa 0.30mabove the ground. The slotswere equipped

with sliding covers which completely covered the slots during

spraying, thus safeguarding the collectors from unintended

spray deposition, but which uncovered the slots simulta-

neously when an actuator was activated by the passing of the

spray boom.The actuatorwas positioned2.0mafter the centre

of the last slot. Spraying started 2.5 m before the test bench,

ensuring a stable spray fan was obtained over the test bench,

and stopped 1.5 m behind the actuator, thus avoiding direct

deposits on the collectors. After 3 min the slots were covered

again. In the meantime, the spray fraction that remained

suspended in the air after the sprayer had passed, but fell out

after some time, was captured by the exposed collectors.

In addition to the drift test bench collectors, three perma-

nently uncovered collectors were placed tomeasure the direct

spray depositions as shown in Fig. 1. Collectors 15 and 13 were

positioned in line with the test bench, respectively, at 0.50 m
2.5 m

0.5 m

m 2.5 m

6 5      4 3       2   1

y track

14    

15    

Collector height ± 0.30 m

Concrete floor

ft test bench experimental setup.
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in front of the 1st and 0.50 m behind the 12th drift collector.

Collector 14 was placed next to the test bench at 0.50 m dis-

tance from the 6th drift collector.

Air temperature and relative humidity were recorded

during the experiments (CT485B, OMEGA Engineering Inc.,

Stamford, CT, USA).
2.3. Deposition measurements

Spray applications were performed with a pressurized 5.0 l

spray liquid tank (Edecon-van der Meer, Wieringerwerf, the

Netherlands) connected with a compressed air tank (Festo,

VZS-10-B, Esslingen, Germany).

For each set of four different application techniques, the

same FPC were used, but per spray event a different mineral

chelate (Co, Cu, Mn, Mo, Chelal®, BMS Micro-Nutrients NV,

Bornem, Belgium) was applied at a targeted concentration of

2.0 g l�1. These chelates are commercially available as horti-

cultural leaf fertilisers and they perform similar as plant

protection products under the same conditions (Braekman,

Foqu�e, Van Labeke, Pieters, & Nuyttens, 2009). The method

using multiple mineral tracers was used successfully in pre-

vious comparative studies (e.g. Foqu�e, Pieters, & Nuyttens,

2014) and its accuracy was evaluated by Foqu�e, Dekeyser,

Zwertvaegher, and Nuyttens (2014). Between two successive

sprayings the collectors were allowed to dry completely. A

tank sample was taken from the nozzles after each spray

application when the slots were closed. After each set of four

sprayings, the FPC were gathered and the drift test bench was

cleaned with tap water and completely dried afterwards to

avoid cross-contamination between experiments. The FPC

were then analysed using Inductively Coupled Plasma (ICP)

analysis (VISTA-PRO, Varian, Palo Alto, CA, USA) after 6 h

extraction in 20 ml 0.16 M nitric acid (HNO3) (66þ%, p.a., Acros

Organics, Geel, Belgium).

The spray deposition (l ha�1) on every collector was

determined taking into account the actual tank concentration,

the quantity of 0.16 M HNO3 (20 ml) used for extraction, and

the analysis of blank samples with a detection limit of about

0.1 l ha�1. As different spray application rates were used, as

described in Table 1, the deposition results were expressed as

relative spray deposition (%), calculated as percentage of the

theoretical application rate.

For every spray application technique, four repetitions

were performed. After each repetition, nozzles were removed

from the boom and replaced in a randomised order.
2.4. Drift reduction potential

The drift potential values (DPV) of the different spray appli-

cation techniqueswere calculated based on the area under the

measured deposition curves by means of numerical integra-

tion as shown in Fig. 2a and b. The deposition curves present

the relative spray depositions in function of the time between

the passing of the spray boom and uncovering of the collec-

tors. The range of time values depends on the application

speed, i.e. from 0.9 s (collector 12) to 3.375 s (collector 1), from

1.2 s to 4.5 s, and from 1.8 s to 6.75 s at 8.0, 6.0, and 4.0 km h�1,

respectively (Fig. 2a and b).
By comparing the DPV of the different application tech-

niques with that of the reference technique for the same time

interval, the drift reduction potential based on the drift test

benchmeasurements (DRPB, %) was determined. It is assumed

that this methodology enables the comparison of techniques

with different application speeds and is based on the principle

that techniques have equal drift potential if they generate the

same relative deposition on collectors within the same time

interval between passing of the spray boom and uncovering of

the collectors (irrespective of their position on the test bench).

To compare different techniques at the same speed of

8.0 km h�1 the area under the curve of the entire time interval

(from 0.9 s to 3.375 s) was used (Fig. 2a). To compare the

techniques at 6.0 kmh�1 and 4.0 kmh�1 with the reference the

overlapping interval from 1.2 s to 3.375 s and 1.8 se3.375 s

between passing of the spray boom and uncovering of the

collectors was used, respectively, as shown in Fig. 2b.
2.5. Field drift measurements

Field drift measurements with the different techniques (Table

1) were performed according to ISO 22866 (2005) over a flat

meadow for distances up to 20 m downwind from the directly

sprayed zone. The measurement set-up, the used protocol

and data processing have been described in detail by

Nuyttens, De Schampheleire, et al. (2007). Based on 32 drift

experiments with the reference spraying, a validated drift

prediction equation was used to predict the amount of spray

drift for this reference spraying at various meteorological

conditions. The equation is given by

drift% ¼ðdriftdistÞ�1:05��
13:00þ0:50V3:25mþ0:40�T�1:74�XH2O

�

(1)

where drift% is the spray drift percentage expressed as a pro-

portion of the application rate (%), drift_dist is the drift dis-

tance parallel with thewind direction (m),V3.25m is the average

wind speed at a height of 3.25 m (m s�1), T is the average

ambient temperature (�C), and XH2O is the absolute humidity

expressed in g of water vapour per unitmass of dry air (g kg�1).

Eq. (1) was used to compare field drift results from the

different spray application techniques with the reference

spraying, taking into account variations in meteorological

conditions. The drift reduction potential (DRPF, %) was calcu-

lated by comparing their integrated measured drift curves

with the integrated predicted drift curve of the reference

spraying for the same meteorological conditions and are

presented in Table 2.
2.6. Wind tunnel measurements

Wind tunnel experiments were carried out at the wind tunnel

facility of the Silsoe Research Institute (Wrest Park, Silsoe,

Bedford, UK) as described by Nuyttens, Taylor, et al. (2009).

Drift potential values of the different spray application

techniques were calculated based on numerical integration

of the fallout deposit curves. By comparing those drift po-

tential values with the equivalent result from the reference

spraying, the drift reduction potentials (DRPW, %) were

calculated (Table 2).

http://dx.doi.org/10.1016/j.biosystemseng.2016.09.013
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(a)

(b)

Fig. 2 e Relative spray deposition curves (in %) (a) for the different spray application techniques at 8.0 km h¡1 and (b) for the F

03 and Injet 03 nozzles at 4.0, 6.0 and 8.0 km h¡1 as a function of the time elapsed between the passing of the spray boom

and uncovering of the collectors, with indication of the time interval within which DPV were determined based on

numerical integration of the areas under the curves.
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Table 2 e Drift reduction potentials based on drift test bench, field, and wind tunnel measurements and spray
characteristics determined using PDPA laser measurements of the tested spray application techniques.

Technique DRPB
b (%) DRPF

c (%) DRPW
d (%) VMDe (mm) V75

f (%) Vvol50
g (m s�1)

F 03-0.30 m 86.1 ± 4.5Aa 40.1 ± 34.6b NA NA NA NA

F 03-0.75 m �127.7 ± 22.0B �49.9 ± 52.3 NA NA NA NA

F 03-4 km h�1 �31.3 ± 29.6BCD 35.3 ± 24.8 NA 273.6 ± 10.6 1.6 ± 0.3 3.9 ± 0.4

F 03-6 km h�1 �74.5 ± 39.6BCa 52.9 ± 20.6b NA 273.6 ± 10.6 1.6 ± 0.3 3.9 ± 0.4

F 03-200 kPa 27.9 ± 23.7CDEF 43.1 ± 15.1 �34.1 ± 7.4 265.4 ± 28.2 2.1 ± 0.7 3.3 ± 0.5

F 03-400 kPa �49.4 ± 35.7BCD �27.1 ± 70.1 NA 246.5 ± 6.7 2.8 ± 0.4 3.8 ± 0.8

F 02 �50.3 ± 89.2BCD �136.5 ± 83.3 �73.0 214.2 ± 7.9 3.2 ± 0.8 2.4 ± 0.3

F 03a 0.0 ± 40.3BCDE 0.0 0.0 ± 14.4 273.6 ± 10.6 1.6 ± 0.3 3.9 ± 0.4

LD 02 35.1 ± 9.0DEF �3.6 ± 56.2 �0.5 ± 26.4 294.9 ± 9.7 1.3 ± 0.2 2.6 ± 0.1

LD 03 60.7 ± 17.0F 38.4 ± 11.9 32.3 ± 7.0 348.2 ± 14.1 1.1 ± 0.3 4.4 ± 0.4

LD 04 50.2 ± 20.3EF 54.9 ± 15.4 41.1 ± 16.6 331.2 ± 6.4 0.9 ± 0.1 5.2 ± 0.4

Injet 02 86.5 ± 9.6A 67.2 ± 9.7 87.3 ± 4.2 506.8 ± 27.0 0.2 ± 0.0 4.6 ± 0.0

Injet 03 93.7 ± 3.2AG 89.8 ± 3.8 93.0 ± 3.2 537.4 ± 16.9 0.1 ± 0.0 4.8 ± 0.1

Injet 04 89.6 ± 4.3A 77.7 ± 4.3 90.4 ± 2.1 584.0 ± 23.2 0.1 ± 0.0 5.6 ± 0.1

Injet 03-4 km h�1 97.5 ± 0.8G NA NA 537.4 ± 16.9 0.1 ± 0.0 4.8 ± 0.1

Injet 03-6 km h�1 91.1 ± 1.7A NA NA 537.4 ± 16.9 0.1 ± 0.0 4.8 ± 0.1

F, standard flat-fan nozzle; LD, pre-orifice nozzle; Injet, air-induction nozzle design.

NA: not available.

Different uppercase superscripts denote statistical significance of DRPB between spray application techniques at 8.0 km h�1 (P < 0.05).

Different greek symbol superscripts within the same application technique denote statistical difference of the assessment method (P < 0.05).
a Reference spray application.
b Drift reduction potential based on drift test bench measurements (mean ± SD).
c Drift reduction potential based on field drift measurements (mean ± SD).
d Drift reduction potential based on wind tunnel measurements (mean ± SD).
e Volume median diameter below which smaller droplets constitute 50% of the total volume (mean ± SD).
f Proportion of total volume of droplets smaller than 75 mm in diameter (mean ± SD).
g Vertical droplet velocity below which slower droplets constitute 50% of the total spray volume at 0.50 m below the nozzle (mean ± SD).
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2.7. Phase Doppler particle analyser laser measurements

Droplet size and one-dimensional vertical droplet velocity

characteristics of the different spray nozzles were measured

using an Aerometrics phase Doppler particle analyser (TSI,

Minneapolis, MN, USA) at a distance of 0.50 m below the

nozzle. The measurement set-up, protocol and results were

described in detail by Nuyttens, Baetens, et al. (2007) and

Nuyttens, De Schampheleire, et al. (2009). From the droplet

characteristics, the volume median diameter (VMD) below

which smaller droplets constitute 50% of the total volume,

the proportion of total volume of droplets smaller than 75 mm

in diameter (V75), and the vertical volume median droplet

velocity at 0.50 m below the nozzle (vvol50) were calculated

(Table 2).

2.8. Statistical analyses

All analyses were done using IBM SPSS Statistics 22 (SPSS Inc.

2013, IBM Corporation, New York, USA) unless reported

otherwise. In that case, Statistica 12 (StatSoft Inc. 2013, Tulsa,

OK, USA) was used.

Prior to statistical analyses, all data were checked for un-

likely values. Within one set of four tests, two tests contained

an uncovered collector with a relative deposition larger than

140%. Due to the presumption of contamination, the deposi-

tion values of the uncovered collectors of this set of tests,

comprising one replicate of techniques Injet 02, LD 02, F 03-

6 km h�1, and F 03-200 kPa, were omitted from the dataset. No

further data were excluded.
The data were then tested for normality using

ShapiroeWilk test and by visual assessment of the QeQ plots

for the relative depositions on the uncovered collectors, and

the DRPB, DRPF, and DRPW values. No transformation was

required for the relative depositions on the uncovered col-

lectors, whereas logarithmic transformations [log(100 e DRP)]

were used to obtain normal distributions of DRPB, DRPF, and

DRPW values.

Firstly, to determine whether collector position and spray

application technique were associated with the direct spray

depositions, a two-way ANOVA was performed on the rela-

tive depositions of the uncovered collectors with collector

position, spray application technique and their interaction as

fixed factors. Secondly, the effect of nozzle type, nozzle size,

spray pressure, spray boom height, and application speed on

log(100 e DRPB) was investigated using a General Linear

Model including spray application technique as fixed factor,

relative humidity as covariate and their interaction using

Statistica. This was done as exploratory analyses had shown

a significant effect of relative humidity on log(100 e DRPB).

Thirdly, a two-way ANOVA with spray application technique,

assessment method, and their interaction as fixed factors

was performed on log(100 e DRP) to study the effect of

assessment method (drift test bench, field experiments, wind

tunnel measurements) within application techniques.

Factors were removed from the models when

non-significant. The fit and the model assumptions

(normality and homoscedasticity) of the final models were

assessed by examination of the normal probability plots of

the residuals. In all cases, Tukey post hoc tests were

http://dx.doi.org/10.1016/j.biosystemseng.2016.09.013
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performed when significant. Statistical significance was

considered when P < 0.05.

Finally, a first-order linear regression was performed

between V75 and DRPB of the different spray application

techniques at 8.0 kmh�1 as suggested byNuyttens et al. (2010),

in order to compare the results of the drift test bench with

those from the PDPA laser.
3. Results and discussion

3.1. Relative deposition on uncovered collectors

The mean relative depositions on the uncovered collectors

(no. 13e15) for the different application techniques are pre-

sented in Fig. 3. The depositions were not significantly

affected by the position of the collector (P¼ 0.071), indicating a

rather uniform distribution along the test bench. As the drift

test benchmeasures at one fixed point under the spray boom,

results may vary depending on the position of the test bench

or the nozzles on the spray boom, especially in the case of an

uneven distribution. Therefore, it is important to measure the

spray distribution at the position of the test bench and

perform tests with a fine-tuned spray set-up.

Despite a rather uniform distribution along the test bench,

the coefficients of variation (CV) of the relative depositions on

the uncovered collectors were sometimes quite large, ranging

from 7.5% to 24.0% depending on the application technique.

Those values reflect the variation within and between repe-

titions performed with the same technique. As spray boom

movements were negligible with the automated spray boom

system, the large variation was most probably due to
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Fig. 3 e Spray depositions relative to the application rate (in %) o

techniques (mean ± SD). Different superscripts denote statistica
variations in spray distribution caused by changing nozzle

positions, small pressure variations and small variations in

boom speed and actuator reaction time both affecting the

time between passing and uncovering the slots. Furthermore,

local air movements, the inherent variations in the analytical

process and differences in meteorological conditions may

have contributed to the variation in depositions. During the

trials, the average temperature was 15.7 ± 2.2 �C and ranged

from 12.0 to 20.0 �C. The average relative humidity was

45.5 ± 12.1% and varied between 30 and 64%.

Mean depositions were below 100% for all techniques and

ranged from 67.2 to 83.5% with an average of 75.3%. The re-

sults thus show that some spray is not recovered. The pres-

ence of air currents caused by the spray or movements of the

spray boom may partially account for this spray loss as they

can flow around the collectors and test bench and deposit

captured small droplets on the floor below the test bench or

even at the underside of the test bench. In future studies,

some deposition measurements could be taken under and at

the underside of the test bench. This airflow effect may also

have attributed to the variation in deposition on the uncov-

ered collectors.

In general, application technique had no significant effect

on the relative depositions of the uncovered collectors, except

for LD 03 which had a significantly higher deposition than F

03-0.30 m.
3.2. Drift potential

Figure 2a and b presents the relative spray depositions on the

drift test bench as a function of the time elapsed between the

passing of the spray boom and uncovering of the collectors for
ab
b

ab

ab

ab

ab

ab
ab

f the uncovered collectors for the different spray application

l significance at P < 0.05.
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the spray application techniques at 8.0 km h�1 and for the F 03

and Injet 03 nozzles at 4.0, 6.0, and 8.0 km h�1, respectively.

The relative depositions at collector 1 were still above 1% for

techniques F 03-0.75 m and F 03-400 kPa. This implies that a

longer test bench is required for those techniques as pre-

scribed in ISO 22401 (2015). In addition, the test bench should

be elongated for higher speeds. As described above, DRPB
values are calculated from the area under those spray depo-

sition curves and compared to that of the reference.

Table 2 and Fig. 4 show the DRP values of various spray

application techniques determined with the drift test bench,

field experiments, and wind tunnel measurements. Themean

DRPB values ranged from �127.7% up to 97.5%. Despite the

indoor experimental conditions, CV were rather high and

varied between 9.7% and 71.0% with an average of 34.8%.

Similar to the uncovered collectors, variation in DRPB within

the same technique may be due to small variations in boom

speed, spray pressure and actuator reaction time, differences

in meteorological conditions, nozzle positions that were

switched between repetitions, the airflow effect around the

test bench, local air movements and inherent variations in the

analytical process. A detailed description of DRPF and DRPW is

given by Nuyttens, De Schampheleire, et al. (2007) and

Nuyttens, Taylor, et al. (2009).

3.2.1. Effect of nozzle type
For the same nozzle size, spray pressure, spray boom height

and application speed, air-induction nozzles had significantly

higher DRPB values than the standard flat fan and pre-orifice

nozzles (Table 2 and Fig. 4). Using air-induction nozzles

considerably reduced the drift potential compared to
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pre-orifice nozzles and standard flat-fan nozzles. Pre-orifice

nozzles also reduced drift potential better than standard flat

fan nozzles although not significant for the ISO 02 nozzle size.

This order is in accordance with the results from the field and

wind tunnel measurements. Other authors also reported

reduced (potential) spray drift with air-induction and pre-

orifice nozzles compared with conventional standard flat-

fan nozzles (Arvidsson, Bergstrom, & Kreuger, 2011; Balsari

et al., 2007). Those differences in drift reduction can mainly

be attributed to differences in droplet characteristics as re-

ported by Nuyttens, Baetens, et al. (2007). For the same nozzle

size and pressure, air-induction nozzles produce the coarsest

droplet spectrum and the lowest proportion of droplets prone

to drift, followed by pre-orifice nozzles and standard flat-fan

nozzles, as illustrated by the droplet characteristics shown

in Table 2.

3.2.2. Effect of nozzle size
Within the same nozzle type, no significant differences were

found in DRPB values between the ISO 02, ISO 03 and ISO 04

nozzle sizes at the same spray pressure, boom height and

application speed (Table 2 and Fig. 4). The ISO 03 nozzles had

however always larger DRPB values than the other nozzle sizes

at the same spray settings. Similar, DRPB values were always

larger for ISO 04 than ISO 02 nozzles. For example, for the pre-

orifice nozzles, DRPB values were 35.1%, 60.7%, and 50.2% for

ISO 02, 03 and 04 nozzle sizes. The larger VMD of LD 03

compared to LD 02 and LD 04 may partially explain its lower

drift potential. The findings are in contrast with the results

from the field and wind measurements as well as other

studies which generally found higher DRP or lower DPV with
DEF

F EF

A AG A G A

nt spray application techniques at 8.0 km h¡1 compared to

g at 300 kPa and a boom height of 0.50 m) for the different

ercase letters denote statistical difference of DRPB between

ers within the same application technique denote statistical
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larger nozzle sizes, except for air-induction nozzles (Gil et al.,

2014; Nuyttens, De Schampheleire, et al., 2007; Nuyttens,

Taylor, et al., 2009).

3.2.3. Effect of spray pressure
Decreasing the spray pressure from 300 to 200 kPa increased

DRPB (from 0.0% to 27.9%), whereas increasing it to 400 kPa

decreased it (�49.4%). Due to the rather limited number of

measurements and the relatively high variation, the effect of

spray pressurewas however not statistically significant. Spray

drift was also found to increase with increasing spray pres-

sure in a study by Nordby and Skuterud (1975).

3.2.4. Effect of spray boom height
Similar to Nordby and Skuterud (1975), de Jong, Michielsen,

Stallinga, and van de Zande (2000), Balsari et al. (2007) and

Arvidsson et al. (2011), the drift potential significantly

decreased by lowering the spray boom height from 0.50 m to

0.30 m (DRPB ¼ 86.1%), while raising the boom height to 0.75 m

considerably increased the drift potential (DRPB ¼ �127.7%)

but not significant (Table 2 and Fig. 4). Other researchers also

suggested that spraying as close as possible to the vegetation

is beneficial to reduce drift (Teske & Thistle, 1999).

3.2.5. Effect of application speed
No significant effect of application speed was found on DRPB
for the standard flat fan nozzle, owing to the very large vari-

ations. The drift reduction potential was nevertheless

considerably lower at decreased application speeds compared

to the reference at 8.0 km h�1, with mean values of �31% and

�74% at 4.0 and 6.0 km h�1, respectively. These results are in

contrast with those from the air-induction nozzle and the

findings reported for the field measurements as well as by

other authors. Spray drift potential of the air-induction nozzle

was reduced at 4.0 km h�1 compared to 6.0 and 8.0 km h�1 and

the difference was even significant between 4.0 and

6.0 km h�1. Mean DRPB values were 97%, 91% and 94% at 4.0,

6.0 and 8.0 kmh�1, respectively. Arvidsson et al. (2011) found a

positive correlation between application speed and spray drift

of a standard flat-fan nozzle over a range of 1.0e3.0 m s�1

comprising a 1.0% increase in drift with every 1.0 m s�1 in-

crease in speed. Depending on the nozzle size, downwind

airborne spray drift increased 4e90% as application speed

increased from 4.0 to 7.0 km h�1 in a study by Taylor,

Andersen, and Cooper (1989) using standard flat-fan nozzles.

When compared to the same nozzle type at 6.0 km h�1,

spraying at 12.0 km h�1 increased spray drift deposition at

different distances from 29 to 51% for a flat fan nozzle and

290e364% for a drift reduction nozzle, as measured by van de

Zande, Stallinga, Michielsen, and van Velde (2004). Using the

drift test bench, Vanella, Salyani, Balsari, Futch, and Sweeb

(2011) found 33% and 40% decrease for a standard flat fan

nozzle andwide angle deflector nozzle, respectively, when the

application speed was reduced from 6.0 to 3.0 km h�1.

3.3. Comparison with other drift assessment methods

Except for technique F 03-0.30m and F 03-6 kmh�1, results did

not significantly differ when comparing the DRPB, DRPF, and

DRPW values within spray application techniques (Table 2 and
Fig. 4). Nevertheless, some considerable differences were

present between the results from the various assessment

methods. For example, the drift test bench found a more

pronounced effect of boom height on DRP compared with the

field experiments, and this effect was significant for F 03-

0.30 m, probably caused by the absence of noticeable boom

movements in the drift test bench trials owing to the use of an

automated spray track instead of field sprayer.

The drift test bench also seems to overestimate the drift

reduction potential of F 02 and LD 02 applications although

large variations in DRPB, DRPF, and DRPW values were found.

These large variations most likely contributed to the lack of

significant differences between assessment methods. Such

variations are inherent to drift measurements and were not

surprising especially large for the field measurements among

others due to large wake effects of the tractor and boom as

described by Teske et al. (2015). Nevertheless, they were still

rather high for the drift test bench considering the limited

boom movements and wake effects with this measuring set-

up. Possible sources of variation are variations in boom

speed and actuator reaction time directly affecting the time

between passing and uncovering the slots and variations in

spray distribution caused by changing nozzle positions and

small pressure variations. It is therefore recommended to

measure the actual spray distribution at the position of the

test bench and perform tests with a fine-tuned spray set-up.

The variations with the drift test bench could be further

reduced by better controlling the indoor test conditions in

accordance with the meteorological conditions described in

the ISO protocol (ISO 22401, 2015). This protocol states that the

tests should be performed with an average wind velocity

<1.0 m s�1, a maximum wind velocity <1.5 m s�1, an air

temperature between 5 and 35 �C, and a relative humidity

between 40 and 95%. Furthermore, repetitions of the same test

should be carried out under similar conditions, meaning dif-

ferences between average wind velocities, air temperature

and relative humidity should not exceed 0.2 m s�1, 10 �C and

20%, respectively. Within and between test bench trials the

conditions for relative humidity were not always met. Nearly

half of the tests (29 of the total 64) were performed at a relative

humidity below 40% and for all but one application technique

at least one and often two replicates varied more than the

permitted 20% with the others. Relative humidity is one of the

most important meteorological factors affecting the amount

of spray drift (Nuyttens, De Schampheleire, et al., 2007). With

lower humidity evaporation is increased and as a result

droplet sizes are decreased, thus making the droplets more

prone to drift. At higher temperature and lower relative hu-

midity, Balsari et al. (2007) and Vanella et al. (2011) reported

reduced spray deposits on the collectors using the drift test

bench. Although relative humidity was included as covariate

in our study, the conditions should best be kept within the

boundaries described in the ISO protocol to limit variation.

Alternatively, the meteorological conditions could also be

taken into account by using a drift prediction equation for the

reference spray applications based on multiple drift test

bench measurements under different meteorological condi-

tions, as was done for the field experiments.

Furthermore, the drift test bench result of the standard flat

fan nozzle at 6.0 km h�1 (DRPB ¼ �74%) was significantly
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different from and contradictory to the field drift measure-

ments determined by Nuyttens, De Schampheleire, et al.

(2007), which found a DRPF value of 53% (Table 2). Based on

the limitedwake effects during the drift test bench trials a less

pronounced effect of application speed would be expected

compared with actual field trials. The large variations and the

low DRP values may partially be explained by the relative

humidity during the drift test bench trials which were not

according to the meteorological conditions prescribed by the

ISO protocol. Future studies should thus focus on keeping

those conditionswithin the prescribed limits and reducing the

other potential sources of variations described above. Addi-

tional work is needed to evaluate if the drift test bench

methodology can be used to evaluate the effect of application

speed on drift potential. For this purpose, the drift test bench

measurements could be adapted to maximise the overlapping

time frame for the different application speeds in order to

better estimate the DRP values. The actuator position could

therefore be adjusted relative to the speed so a constant time

between passing and uncovering of the collectors is obtained

irrespective of the application speed.

Because the test bench was placed on a concrete floor but

the field drift experiments were carried out over grassland,

might explain some of the observed differences between test

bench and field results. In future, it could be interesting to

study the effect of ground surface characteristics and height

of the test bench above the ground, on test bench results.

When comparing the results of the drift test bench with

those of the PDPA laser the first-order linear regression be-

tween V75 and DRPB [DRPB (%) ¼ 97.4e46.6 V75], demonstrated

in Fig. 5, showed a strong, negative correlation (Pearson cor-

relation coefficient r ¼ �0.96), meaning DRPB reduced with

increasing percentages of fine droplets. About 93% of the total

variation in DRPB could be explained by V75 (Coefficient of

determination R2 ¼ 0.93). These findings are in accordance

with those from Nuyttens et al. (2010) who found that V75 was

the droplet characteristic with the highest predictive power

with regard to DRPF [DRPF (%) ¼ 98.7e68.4 V75, R
2 ¼ 0.94] and

demonstrate that the drift test bench methodology can be

used to evaluate the effect of spray characteristics on drift

potential.
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Fig. 5 e Linear regression between V75 and DRPB of the

different spray application techniques at 8.0 km h¡1 [DRPB
(%) ¼ 97.4e46.6 V75, R

2 ¼ 0.93].
4. Conclusions

The DRP of 16 spray application techniques was determined

using the drift test bench and an automated spray track under

indoor conditions and compared with other direct (field

measurements) and indirect (wind tunnel measurements,

PDPA laser measurements) drift assessment methods to

evaluate the potential of the drift test bench for drift

evaluations.

The drift test bench trials generally confirmed the well-

known effects of nozzle type, spray pressure and boom

height on drift potential but not of nozzle size. Air-induction

nozzles had the highest DRPB, followed by pre-orifice nozzles

and standard flat fan nozzles. Lower spray pressures and

boom heights reduced spray drift but the effect of boom

height was more pronounced compared with field experi-

ments probably because of the absence of noteworthy boom

movements with the spray track. The ISO 03 nozzles had

generally higher DRPB values than ISO 02 and ISO 04 nozzles.

By determining the DRPB of the application techniques,

based on an equal time interval between the passing of the

spray boom and the uncovering of the collectors as the

reference technique, the effect of application speed was

assessed. The results were in contrast with those from the

field drift measurements. Further research is needed to

evaluate if the drift test bench methodology is able to eval-

uate the effect of sprayer speed on drift potential. For this

purpose, the drift test bench methodology should be adapted

to maximise the overlapping time frame for the different

application speeds in order to better estimate the DRP values.

In general, the drift test bench measurements showed

similar trends as the field, wind tunnel and PDPA laser mea-

surements, although large variations were present and some

contradictions were observed. Potential sources of variation

are small variations in boom speed and actuator reaction

time, differences in meteorological conditions, nozzle posi-

tions that were switched between repetitions, the airflow ef-

fect around the test bench and inherent variations in the

analytical process. Future studies should focus on reducing

these sources of variation, studying the effect of ground sur-

face characteristics and height of the bench above the ground

and better controlling the meteorological conditions during

the trials, especially relative humidity, as described by the ISO

22401 (2015). Nevertheless, using the method indoors consid-

erably reduced the coefficients of variation compared with

field experiments, thus enhancing the reproducibility. The

drift test bench is furthermore a simple and fast way to

determine drift reduction potential. The drift test bench is

therefore considered a possible alternative method for

measuring potential spray drift of horizontal boom sprayers

and classifying those sprayers according to generated spray

drift and therefore merits further research.
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