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Because of its complexity, orchard spray application is difficult to understand based solely

on experimental work. For this reason an integrated research approach combining

experiments and simulations with a continuous interaction between both was used for this

study. Three commercially available, air-assisted orchard sprayers with different types of

air discharge systems were characterised. Experiments were carried out to assess the spray

nozzles, the spray liquid distribution and the produced air stream. Measurements were

conducted under controlled laboratory conditions. Results indicated important differences

in air flow patterns and liquid distribution between the different sprayers and demon-

strated that the liquid distribution is directly linked to the generated air flow pattern. The

architecture of the air discharge unit on the sprayer strongly influenced the air flow

pattern. The results of these experiments were then compared to the results of a compu-

tational fluid dynamics (CFD) orchard spray model and the potential of using the CFD

model for sprayer optimisation was evaluated.

ª 2012 IAgrE. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Orchard spray application is a complex process which

involves a continuous balance betweenmaximizing biological

efficacy, and minimising residues and environmental pollu-

tion such as spray drift and spray losses.

The process is affected by various factors such as

pesticide dose and spray volume (Cross, Walklate, Murray, &

Richardson, 2001a; Pergher & Gubiani, 1995), spray liquid distri-

bution (Jaeken, Vandermersch, De Moor, & Langenakens, 2001),

droplet spectrum(Cross,Walklate,Murray,&Richardson,2001b;

Derksen, Zhu, Fox, Brazee, & Krause, 2007; Nuyttens, Taylor, De

Schampheleire, Verboven, & Dekeyser, 2009b), air volume

(Cross,Walklate,Murray,&Richardson,2003; Pergher&Gubiani,

1995; Pergher & Petris, 2008), air flow pattern (Holownicki,

Doruchowski, Godyn, & Swiechowski, 2000; Panneton, Lacasse,

& Piche, 2005; Pezzi & Rondelli, 2000) and velocity (Panneton &

Piche, 2005), sprayer speed (Celen, Arin, & Durgut, 2008;

Svensson, Brazee, Fox, &Williams, 2003), meteorological condi-

tions (Catania, Inglese, Pipitone, & Vallone, 2011), crop charac-

teristics (Moltó, Martı́n, & Gutiérrez, 2001) etc.

The large number of sprayer settings and environmental

parameters involved in orchard spraying make the process

difficult and expensive to analyse using only experimental
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methods. Therefore, integrating simulations with experi-

ments is an attractive approach to deal with these challenges.

Following earlier work that considered simplified solutions to

the conservation equations (Walklate, 1992;Walklate,Weiner,

& Parkin, 1996), computational fluid dynamics (CFD) has, over

the last decades, emerged and matured as a successful

method to help solve the complex processes of air flow and

particle movement from orchard sprayers (Da Silva, Sinfort,

Tinet, Pierrat, & Huberson, 2006; Delele et al., 2004, 2007;

Molari, Benini, & Ade, 2005; Sidahmed & Brown, 2001a,b;

Weiner & Parkin, 1993; Xu, Walklate, Rigby, & Richardson,

1998). The interaction of the air flow and spray within the

canopy has only recently being tackled in CFD with dedicated

deposition submodels (Da Silva et al., 2006) and simulations

incorporating real tree architecture (Endalew et al., 2009,

2010a, 2010b, 2010c, 2011). It has therefore become clear that

today CFD may be used to help compare different sprayers

and their performance.

The main objective of this work was to evaluate the effect

of orchard spray application technique and settings on air

flow pattern and spray liquid distribution using an integrated

approach. Different sprayer types, nozzle types, fan speeds

and deflector settings were evaluated. Spray nozzles, air flow

pattern and the spray liquid distribution were evaluated

under controlled and repeatable conditions. The results of

these experiments were compared to the results of a CFD

orchard spraymodel and the potential of using the CFDmodel

for sprayer optimisation was evaluated.

2. Materials and methods

2.1. Spray application techniques

Three trailed, air-assisted orchard sprayers with power take

off (PTO) driven fans were considered in this work, each with

a different type of air-assistance. The first sprayer was

a standard single axial fan sprayer (Condor V, Hardi, Taastrup,

Denmark). The fan diameter is 0.80 m. The second type was

a cross-flow sprayer (DuoProp, BAB Bamps, Sint-Truiden,

Belgium) with two axial fans (diameter 0.70 m). The third

sprayer (Tango, Hardi, Taastrup, Denmark) was equippedwith

a centrifugal fan (0.70 m in diameter) and 5 individual air

spouts on each side each connected to the outlet of the fan by

flexible ducts, including the ability to direct the air flow

towards the canopy for optimal targeting. The orientation of

the air spouts of this multi-outlet sprayer was chosen to the

best of our ability to cover a tree height of 3.5 m but without

anymeasurements. Optimisation of the air spout settings was

carried out using the CFDmodel. The spray nozzleswere fitted

inside each air outlet of the Tango sprayer.

In terms of adjustments, with the axial fan sprayer and the

cross-flow sprayer, the blower unit was provided with

a gearbox able to work at two transmission ratios, which

allowed selection of the fan rotation speed and consequently

variation in the value of the air flow rate generated. Both the

high and low ratios of the fan gearboxes were investigated as

separate application techniques.

Additionally, for the axial sprayer, the angle of the top

V-deflector could be adjusted to the tree height. Two settings

were evaluated during the experiments: the optimal deflector

setting (inclination 53!) for a tree height of 3.5 m and

a tree row spacing of 3.25 m and the extreme deflector set-

ting in which the top deflector was vertically positioned

(inclination 90!).

Therefore, in total, 7 spray application techniques were

evaluated. An overview of the techniques is given in Table 1.

Sprayer and air outlet dimensions, nozzle positioning and

inclination were accurately measured and documented as

input for the CFD model.

The sprayers were fitted with Albuz ATR hollow cone

nozzles (Saint-Gobain Solcera, Évreux, France). Nozzle size

and spray pressure varied depending on the number of

nozzles to provide an application rate of 532 l ha"1 of spray

liquid per ground surface for an orchard with a tree row

spacing of 3.25 m. The tractor PTO speed was set at

540 rev min"1. Fan rotation was anti-clockwise for all

machines when viewed standing behind the sprayer.

All measurements were carried out at both sides of the

sprayers and were conducted indoors under controlled

climatic conditions to eliminate disturbances caused by wind.

2.2. Nozzle characterisation

The nozzle-pressure combinations defined in Table 1 were

characterised by measuring droplet sizes and 1D vertical

velocities using laser-based instrumentation. This comprised

of a spray unit, a three-dimensional automated positioning

system, a controlled climate room, and a one-dimensional

phase Doppler particle analyser (PDPA, Aerometrics Sunny-

vale, CA, USA). The details of the instrumentation were

described in more detail by Nuyttens, Baetens, De

Notation

CFD computational fluid dynamics

de measure of fineness in a RosineRammler particle

size distribution

Dvi particle diameters at which a volume fraction of

10, 25, 50, 75 and 90% is made of drops with

diameters smaller than this value, mm

PDPA phase Doppler particle analyser

PTO power take off

rev revolutions

gd measure of dispersion in a RosineRammler

particle size distribution

VMD volume median diameter, mm

x length of the rectangular scan pattern, m

Dx distance intervals in the x direction during

scanning, m

y width of the rectangular scan pattern, m

Dy distance intervals in the y direction during

scanning, m

z height above the measurement volume, m
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Schampheleire, and Sonck (2007); Nuyttens, De

Schampheleire, Verboven, Brusselman, and Dekeyser (2009a).

Prior to the laser measurements, the liquid flow rate of

each nozzle was measured at the BELAC (the Belgian accred-

itation organisation) accredited Spray Tech Lab (2012).

Outputs from a set of 80 ATR orange and 30 ATR red nozzles

were measured. Nozzles with an output closest to the

manufacturer’s nominal flow rate were mounted on the

sprayers. From these nozzles, three nozzles were selected

with a low, medium and high flow rate for the PDPA

measurements. In this way, the possible effect of nozzle

output was taken into account.

Droplet size and velocitymeasurementswere performed at

0.15, 0.30 and 0.50 m below the spray nozzle. Two ways of

scanning the spray plume were used: a continuous scan and

a grid scan. In the case of a continuous scan, a rectangular

pattern was measured at a constant speed to achieve

a complete scan of the spray plume (Fig. 1a). This type of scan

pattern gave average values of the spray plume for each

distance below the nozzle. The appropriate scan trajectory

parameters were predetermined (Table 2).

A grid scan (Fig. 1b) gave information on differences in

droplet characteristics in a horizontal plane under the nozzle.

Point measurements were performed along a radius of the

spray fan with intervals of 0.01, 0.02 and 0.04 m, respectively

for the measuring heights of 0.15, 0.30 and 0.50 m.

All measurements were made using tap water at

a temperature of 20 !C. Environmental conditions were kept

constant at a temperature of 20 !C and a relative humidity of

60e70%. Each scan yielded data for at least 10,000 droplets.

2.3. Air flow pattern

Two types of air velocity measurements were performed;

firstly to obtain the velocities produced at the air outlets and

secondly to characterise the air distribution at various

distances of the sprayer.

For the outlet characterisation, measurements were per-

formed with hot wire anemometers (Air velocity transducer,

model 8465, TSI, Shoreview, MN, USA) placed as close as

possible to the outlet. Additionally 3D ultrasonic sensors

(model 81000, Young, Traverse City, MI, USA) were positioned

at 0.15 m perpendicular to the outlet. Measurements were

donewith a horizontal interval of 0.05m following the contour

of the air outlet. For the Tango multi-outlet sprayer three

measurements weremade in the air stream at each individual

spout outlet. The average of the three measurements was

taken. Total air flow rate produced by the sprayers was esti-

mated based on the air velocities measured at the air outlet

and the corresponding surface area.

The 3D air velocity patterns around the sprayers were

measured along lines parallel with the sprayer direction,

x

y

∆y

z

x

z

∆x

a) b)

Fig. 1 e Scan trajectory for a) a continuous scan and b) a grid scan.

Table 1 e Overview of the tested spray application techniques.

No. Sprayer Nozzle type Spray
pressure, kPa

No. of
nozzles

Speed, km h"1 Application
rate, l ha"1

Fan speed Deflector

1 Axial-flowa ATR orange 600 16 6.0 532 Low Optimal

2 Axial-flowa ATR orange 600 16 6.0 532 Low Extreme

3 Axial-flowa ATR orange 600 16 6.0 532 High Optimal

4 Axial-flowa ATR orange 600 16 6.0 532 High Extreme

5 Cross-flowb ATR orange 600 16 6.0 532 Low n/a

6 Cross-flowb ATR orange 600 16 6.0 532 High n/a

7 Multi-outletc ATR red 800 10 6.0 532 n/a n/a

a Condor V single axial fan sprayer (Hardi, Taastrup, Denmark).

b Duoprop cross-flow sprayer (BAB Bamps, Sint-Truiden, Belgium).

c Tango sprayer with 10 individual air spouts e 5 each side (Hardi, Taastrup, Denmark).
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without the presence of canopy. These lines were located at

distances of 0.80, 1.63 and 2.45 m from the centre of the

sprayer. These distances corresponded, respectively, with

a position in front of the tree row, in themiddle of the row and

behind the row in case of row spacing of 3.25 m. The

measuring positions along the lines were determined by the

projection of lines with angles of "20!, 0! and 20! to the line

parallel to the outlet. A three dimensional positioning system

was built to position the sensors accurately. Air velocities

were measured under static conditions at heights between

0.20 and 3.60 m with intervals of 0.20 m.

At each position, the average velocity was measured over

1 min. With the ultrasonic sensors, the 3D components of the

velocity vector were measured using the method of Garcı́a-

Ramos, Vidal, Boné, Malón, and Aguirre (2012). Following

this, the absolute value of the velocity vector was calculated.

2.4. Spray liquid distribution

For the assessment of the spray distribution of the orchard

sprayers, a vertical lamellae patternator wall (Pachler Metal-

ltechnik GmbH, Kirchberg, Austria) was used. The patternator

with a height of 3.20m consisted of horizontal lamellae which

separated the liquid spray from the air flow. The separated

liquid was collected in sections with a height of 0.10 m and

drained off in measuring cylinders after tipping over the wall.

The filling height of the cylinders was automatically read by

ultrasonic sensors.

The vertical liquid distribution was measured for the 7

application techniques with static sprayers at 1.25, 1.625 and

2.45 m from the centre of the sprayer using three replications.

These distances corresponded to the air flow measurements,

except for the distance closest to the sprayer. A distance of

1.25 m was used instead of 0.80 m because a closer measuring

distance could not be achieved due to the construction of the

patternator wall. No canopy was present during the experi-

ments. Spray liquid was collected until each of the tubes was

filled with a sufficient amount of liquid and the time was

registered.

2.5. Computational fluid dynamics modelling

A CFD simulation model was developed to predict the outlet

velocity profile of the three sprayers at different distances

from their outlet and the vertical spray distribution along the

height of a patternator wall. Both the air and particulate flows

were modelled without including canopy interaction so as to

validate the indoor experiments described in the previous

sections.

The Reynolds-averaged NaviereStokes (RANS) momentum

equations and the k-e turbulence models were solved using

the unstructured finite volumemethod in the commercial CFD

code ANSYS-CFX (ANSYS 13.0, Inc., Canonsburg, PA, USA) and

were combined with a particle tracking model developed by

Senecal et al. (1999) and implemented and validated by Delele

et al. (2007) and Endalew et al. (2010c).

2.5.1. Droplet size distribution

The droplet size distribution was described using a

RosineRammler distribution:

R ¼ exp

!

"

"

d

de

#

gd
$

where R is the fraction by mass of droplets greater than the

diameter d, gd a measure of dispersion and de a measure of

fineness and equal to the diameter at which R is 0.368.

2.5.2. Simulation domains and boundary conditions

The simulation domains included the outlet of the sprayer

(where the measured velocity profile was implemented as

an inlet boundary condition) and a sufficiently large region

where jet development was calculated. The domains had

a length of 6.0 m, height of 7.2 m and width of 5.0 m or less

depending on the type of sprayer simulated. The domain for

simulating the cross-flow sprayer had a rectangular outlet

cross section. A curved cross section was used for the axial-

flow fan sprayer and the domain for the spouted sprayer

included the five outlets. All domains had a smooth ground

boundary and pressure openings at the other boundaries

except for the sprayer outlet. A wall boundary was posi-

tioned at a distance of 1.625 m from the sprayer centre

to represent the vertical lamellae patternator wall used

during the experiments. All the simulations were carried

out with the sprayers static. The details of the modelling

procedure and model equations can be found in Endalew

et al. (2010c).

Table 2 e Characteristics of the PDPA scan trajectory for
the different nozzle heights.

x, m y, m z, m Dx, m Dy, m Scan speed, m s"1

0.30 0.30 0.15 0.01 0.05 0.10

0.60 0.60 0.30 0.02 0.10 0.075

0.80 0.80 0.50 0.04 0.10 0.05

Fig. 2 e Cumulative volumetric droplet size distribution for

Albuz ATR orange at 600 kPa and Albuz ATR red at 800 kPa,

for different heights using a continuous scan pattern:

, Albuz ATR orange at 0.15 m; , Albuz ATR

orange at 0.30 m; , Albuz ATR orange at 0.50 m;

, Albuz ATR red at 0.15 m; , Albuz ATR red

at 0.30 m; , Albuz ATR red at 0.50 m.
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3. Results

3.1. Nozzle characteristics

Figure 2 presents the cumulative volumetric droplet size

distributions basedon the continuous scanmethodat different

heights for both nozzle-pressure combinations. At the same

distance below the nozzle, the ATR orange nozzle at 600 kPa

produced a finer droplet spectrum than the ATR red nozzle at

800kPa.Generally a largernozzle size producesa coarser spray,

but in this case differences in droplet size were rather limited

due to the difference in spray pressure. The volume median

diameter (VMD) at 0.5m below the nozzle was 176.7 mm for the

ATR red nozzle and 155.8 mm for the ATR orange nozzle. The

further away from the nozzle, the higher were the VMD values

in the outer region of the spray plume because coarser

droplets are less affected by gravity because of their higher

kinetic energy compared with finer droplets (Nuyttens, De

Schampheleire et al., 2009a; Vásquez-Castro, De Baptista,

Gadanha, & Trevizan, 2008). For the same reason, VMD values

tend to become lower in the inner region of the spray plume.

Figure 3 presents the cumulative volumetric droplet

velocity distributions from the same measurements. A clear

effect of spray pressure and droplet size, as well as an effect

distance from the nozzle can be observed. The higher pressure

and coarser spray of the red nozzle resulted in higher droplet

velocities. As could be expected, the further away from the

nozzle, the lower were the droplet velocities.

More detailed information about the spray characteristics

was obtained from the grid scans. Droplet size and velocity

characteristics were calculated for themeasurement points at

the three heights. Based on these points, 2D graphsweremade

using linear interpolation.

In Fig. 4, VMD values are summarised for the two nozzle-

pressure combinations. In both cases important differences

in droplet sizes are shown between the inside and the outside

of the spray pattern. A difference in VMD of up to 150 mm was

measured. The distinctive shape of the plume of a hollow cone

nozzle is clearly visible in the graph. As with the results of the

continuous scan, only small differences were found between

the ATR red and ATR orange nozzles.

Figure 5 shows the average 1D-velocity values found in the

spray cloud. To interpret this graph, two effects have to be

considered; on one hand coarser droplets (moving on the

outside of the spray plume) have higher velocities, however

due to the PDPA systemmeasured only in one dimension, only

the vertical component of the droplet velocity is measured.

This partly explains why there is a zone with high values

directly under the nozzle although the spray is finer in this

zone. Another factor contributing to these higher droplet

velocities is the entrained air flow in the centre of the spray

(Farooq, Balachandar, Wulfsohn, & Wolf, 2001).

Higher velocities were measured for the ATR red nozzle

because of the higher spray pressure and the coarser droplets.

These velocities were also more persistent with increasing

distance. Ghosh and Hunt (1998) demonstrated that larger

nozzle sizes have higher entrained air velocities. In general,

droplet velocities decreasedwith increasing distance from the

nozzle.

Fig. 3 e Cumulative volumetric droplet velocity distribution

for Albuz ATR orange at 600 kPa and Albuz ATR red at

800 kPa, for different heights using a continuous scan

pattern: , Albuz ATR orange at 0.15 m; ,

Albuz ATR orange at 0.30 m; , Albuz ATR orange at

0.50 m; , Albuz ATR red at 0.15 m; , Albuz

ATR red at 0.30 m; , Albuz ATR red at 0.50 m.

Fig. 4 e VMD values based on grid scan for (a) Albuz ATR orange at 600 kPa and (b) Albuz ATR red at 800 kPa: , <40 mm;

, 40e60 mm; , 60e80 mm; , 80e100 mm; , 100e120 mm; , 120e140 mm; , 140e160 mm; , 160e180 mm;

, 180e200 mm; , >200 mm.
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Liquid flow rates passing through the ellipsoidal PDPA

measuring area (width ¼ 0.468 mm, length ¼ 46.8 mm;

Nuyttens, 2007, p. 293) were calculated based on the number

of droplets detected and their droplet sizes. The results are

shown in Fig. 6. Higher flow rates were measured closer to the

nozzle and towards the edges of the spray plume. This is

logical, considering the hollow cone shape and the VMD

values that were measured.

For the measured droplet size distribution values of

gd ¼ 2:593 and 2.45 and de ¼ 170.254 and 177.031 mm for ATR

orange and red nozzles gave the best RosineRammler fit with

coefficients of determination (R2) ¼ 0.996 and 0.998, respec-

tively (Fig. 7). The values of Dv0.1, Dv0.25, Dv0.5, Dv0.75 and Dv0.9
(i.e. diameters at which a volume fraction of 10, 25, 50, 75 and

90% is made up of drops with diameters smaller than this

value), and flow rates of the nozzles used in the CFD simula-

tions were all based on these measurements (Figs. 2e6).

3.2. Air flow patterns

In Fig. 8, the air velocity contours from the three sprayers from

the CFD model simulations are plotted. Figure 9 shows the

generally good agreement between the simulated and

measured vertical air flow patterns.

For the low gear settings, the left and right-hand side

profiles produced more or less similar patterns for the axial

and cross-flow sprayers. For the high gear settings, the left

and right-hand side profiles differed somewhat more. Each

type of sprayer had a distinct profile. The axial sprayer had

Fig. 5 e Average velocity values based on grid scan for (a) Albuz ATR orange at 600 kPa and (b) Albuz ATR red at 800 kPa: ,

<2 m sL1; , 2e4 m sL1; , 4e6 m sL1; , >6 m sL1.

Fig. 6 e Liquid flow rates through the PDPA sampling area based on grid scan for (a) Albuz ATR orange at 600 kPa and (b)

Albuz ATR red at 800 kPa: , <5 ml minL1; , 5e10 ml minL1; , 10e15 ml minL1; , 15e20 ml minL1; ,

20e25 ml minL1; , 25e30 ml minL1; , 30e35 ml minL1; , 35e40 ml minL1; , >40 ml minL1.
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Fig. 8 e Predicted velocity contour plots along the outlet for high (a and b) and low (c and d) gear setups of the axial sprayer

for the left (a and c) and right (b and d) hand sides of the outlet; high (e and f) and low (g and h) gear setups of the cross-flow

sprayer for the left (e and g) and right (f and h) hand sides of the outlet and left (i) and right (j) hand sides of the multi-outlet

sprayer.
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higher velocity values at lower heights with a single large peak

occurring around 0.50m, and decreasing velocity values above

that. For the axial sprayer, the measured velocities at

3.00e3.50 m height were higher for distances of 1.625 and 2.45

than for 0.80 m. This indicates that with an increase in

distance, the air plume extended in height as confirmed in

Fig. 8. This appears to be also the case for the multi-outlet

sprayer but not for the cross-flow sprayer.

The cross-flow sprayer had amore even distributed air flow

pattern with the height; maximum values were not greater

than 10m s"1 at the tree location, but peak values persisted up

to heights of 2.50 m, above which the velocity quickly fell

towards zero. The multi-outlet sprayer, obviously, had

a disturbed vertical pattern due to the individual jets that were

directed in different directions. The velocity values at the tree

position again did not exceed 10 m s"1, but at some points in

the tree zone zero velocity existed.

Based on the outlet velocity values and the air outlet

surface, the air volume rate produced was estimated. Results

are summarised in Table 3. From the different techniques, the

multi-outlet sprayer clearly produced the lowest air volume

rate of about 13,000 m3 h"1. The cross-flow and the axial-flow

fan sprayers produced around 40,000 m3 h"1 at low gear

settings but about 50,000 m3 h"1 at high gear settings.

3.3. Spray liquid distribution

Figure 10 shows the calculated droplet tracks for the cross-

flow sprayer from the nozzles onto the patternator wall. In

Fig. 11 the simulated and measured vertical spray liquid

distribution up to 3.50mheight for the different techniques on

the right hand side of the sprayer at a distance of 1.625m from

the centre of the sprayer is plotted. The simulations corre-

spond very well to the measured profiles. This was also found

for the other positions and techniques.

These graphs also illustrate the good correspondence

between themeasured air flowpatterns and the corresponding

spray liquid distributions. The cross-flow sprayer showed

a relatively uniform spray distribution in the zone from 0.50 to

2 m while the axial sprayer showed a decrease in spray depo-

sition with increasing height. The distribution of the sprayer

with individual spouts is characterised by two peaks and low

deposition at a height of about 1.50 m (corresponding to the

zero velocity zone) and also above 2.50 m.

Similarly to the air velocity results, only minor differences

were found between left and right-sides of the sprayers or

with changes in fan gear ratio. The differences can be

explained based on the air flow distributions.

3.4. Effect of deflector settings

There was a negligible effect of deflector inclination in the

case of the axial sprayer (Fig. 12). At a height of 2.50e3.00 m,

a difference in air flow distribution was noticed for the

measurements at 0.80 m from the centre of the sprayer.
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Fig. 9 e Comparison of measured andmodelled vertical velocity profiles at different distances from the outlet of the different

sprayers in standard configurations: (a) axial sprayer, left side, low gear, (b) cross-flow sprayer, left side, low gear, and (c)

multi-outlet sprayer, left side. Lines are simulations, symbols are measured values at 0.80 m ( ), 1.625 m ( ) and 2.45 m ( )

from the machine centre line.

Table 3 e Average outlet air velocity values and air flow
rates for the 7 spray application techniques.

Spray
technique

Average air velocity
(m s"1)

Airflow rate (m3 h"1)

Left Right Average Left Right Total

1 27.9 30.2 29.0 18573.9 20041.2 38615.1

2 27.8 30.0 28.9 18500.9 19977.5 38478.4

3 35.0 37.5 36.2 23313.1 24905.4 48218.6

4 34.5 37.3 35.9 22992.8 24841.8 47834.6

5 25.2 24.2 24.7 20199.2 19499.0 39698.1

6 31.7 30.7 31.2 25461.6 24761.5 50223.0

7 37.4 36.3 36.8 6389.3 6214.6 12603.9
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However, this was not reflected by a significant increase in air

velocity at other distances at these heights; and no effect is

observed on the spray pattern.

4. Discussion

Characterisation of the spray nozzles showed only small

differences in droplet spectra for the nozzle-pressure combi-

nations used. Larger differences were found inside the spray

patterns below the nozzles. However, the CFD model only

used the full scan droplet size distributionswithout the spatial

distributions that compared well with the measured vertical

spray profiles of the different machines. This supports the

hypothesis that the spray profile in orchard sprayers is mainly

driven by high velocity air flows from the air assistance.

The measured results reflected important differences in air

flow patterns and spray liquid distribution between the

different spray techniques, especially between the three

sprayer types. If the vertical liquid distribution pattern obtained

with the patternator was compared with the air flow patterns,

great similarities were found. This agrees with the results

found byDeMoor et al. (2000) who suggested that knowledge of

air flow patterns as a key factor in adjustment of sprayers.

The collection efficiency of the patternator wall was

calculated by comparing the theoretical sprayed volume with

the collected spray volume. Values ranged from 46.6 to 98.8%

depending on the spray application technique and the

distance to the patternator. According to Pergher (2004),

collection efficiency of a lamellae patternator might be

dependent on height from the ground, due to a changing angle

of inclination of the spray with height, from distance between

the nozzles and patternator and possibly from applied air

speeds. If so, efficiencymight be dependent on sprayer type as

confirmed by the modelling result (Fig. 11), and higher

collection efficiency might be expected from sprayers with

horizontal spray and air flows. Air flow distributions for the

Fig. 10 e Spray pattern of the cross-flow sprayer. Droplet

tracks coloured by velocity magnitude (a) and spray

deposition (%) on the patternator wall for low gear (b) of the

cross-flow sprayer. The colour range for the droplet

velocity (a) is from 0 m sL1 (blue) to 25 m sL1 (red) and that

of the concentration (b) on the patternator ranges from 0%

(red) to 7% (blue). (For interpretation of the references to

colour in this figure legend, the reader is referred to the

web version of this article.)

Fig. 11 e Comparison of measured and modelled vertical spray profiles on the patternator wall of the different sprayers in

standard configurations at 1.625 m from the sprayer: (a) axial sprayer, left side, low gear, (b) cross-flow sprayer, right side,

high gear, and (c) multi-outlet sprayer. Lines are simulations, symbols are measured values.
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sprayer with individual spouts at 0.80m from the centre of the

fan might be less accurate, due to the fact that the vertical

interval between the measuring points was too large for this

type of sprayer. However, the CFDmodel provided a complete

map of the air flow for the three different sprayers.

Both air and spray distribution were assessed without the

presence of any canopy. Measurement results at 2.45 m from

the centre of the sprayer were only valuable for model vali-

dation purposes. The results of the spray profiles at 1.625 m

showed significant comparison between the model and the

measurements.

Additionally, all measurements were conducted with

stationary sprayers. Salyani and Hoffmann (1996) found that

air velocities from a travelling sprayerwere significantly lower

than that of a stationary sprayer, especially at locations

nearest to the fan outlet.

The orientation of the air spouts of themulti-outlet sprayer

was suboptimal before themeasurementsweremade. Further

analysis was carried out using the CFD model to determine

the optimal orientation of the outlet spouts. Four sets of

arrangements were chosen for this analysis based on the

angles the outlet spouts make with the horizontal plane. The

first arrangement was using horizontal setting for all the

spouts (spouts angles of 0!, 0!, 0!, 0!, 0! for the five spouts

bottom to top, angles with reference to the horizontal). The

second settingwas using angles of (0!, 0!, 18!, 22!, 33!), in order

Fig. 12 e Air velocity values and spray liquid distribution on left and right side of the axial sprayer: 1) with low fan gear and

optimal deflector setting; 2) with low fan gear and extreme deflector setting; air velocities at distances of: , 0.80 m;

, 1.625 m and , 2.45 m liquid flow distributions at distances of: , 1.25 m; , 1.625 m; ,

2.45 m (distance from the centre line of the sprayer).

b i o s y s t em s e n g i n e e r i n g 1 1 4 ( 2 0 1 3 ) 1 5 7e1 6 9166



to avoid the velocity contour from the third and fourth spout

merging (Fig. 8). The third setting (0!, "16!, 0!, 16!, 33!) was

using the angle settings of the axial fan sprayer nozzles since

the contour obtained from this sprayer appeared to have

a uniform distribution (Fig. 8) and the last setting was using

arbitrary angles of (0!, 0!, 18!, 33!, 33!).

As it is shown on the contour and droplet track plots of

Fig. 13 and the percentage deposition profile in Fig. 14, a more

Fig. 13 e Droplet track and deposition contour plots for the different spout angles with the horizontal plane of multi-outlet

sprayer. The colour range for the droplet velocity is from 0m sL1 (blue) to 45 m sL1 (red) and that of the concentration on the

patternator ranges from 0% (red) to 9% (blue). All plots are for the right side of the sprayer and the order of spout angles is

from bottom to top spout. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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uniform distribution throughout the height of the patternator

wall was obtained using themodified horizontal arrangement.

However, bettercoverageatgreaterheightswasobtainedusing

spouts angles of (0!, 0!, 18!, 33!, 33!). In general, the percentage

deposition plots with the height (Fig. 14) showed that the

deposition profile had an increasing trend between consecu-

tivespoutswhenthespoutsangleswerealso increased inorder

and the profile became constant when the consecutive spout

angleswere equal. Therefore, spouts angles should be selected

based on the tree architecture and the angles of the spouts

should increase at a region where the tree density increases,

and kept constant for constant density regions.

Thus the CFD model has been successfully used here to

represent the air and spray flows from sprayers that have

a considerably different designs. It was shown that CFD can be

applied with similar accuracy for both axial and a cross-flow

sprayers (which confirms the outdoor cases studied by

Endalew et al., 2010a) and, for the first time, a sprayer with

individual spouts. The latter is an interesting application as it

refers to a sprayer with individual air jets at different heights

that were shown to be easily adaptable for generating

a particular spray flow, according to the needs in the orchard.

Indeed, precision spraying is gaining more attention and such

technologies are being developed (Khot et al., 2012).

5. Conclusions

The performance of three air-assisted orchard sprayers with

different air assistance systems was evaluated using different

settings, and under controlled laboratory conditions, by

measuring nozzle characteristics, air flow patterns and the

liquid spray distributions. The experimental results showed

that the spray liquid distribution was directly linked with the

air flow pattern from the sprayers. This air flow pattern

strongly depended on the sprayer type. The presented data

was used as an input, and to validate, a CFD orchard spray

application model. The CFD simulation model compared well

to the experiments and confirmed observed differences in

both the air and spray liquid patterns. The results indicate that

CFD can be used to optimise sprayer performance across

a range of sprayer types. Whilst sprayer performance

measured here was from indoor tests, field assessment of

sprayers will require incorporation of the interaction of the

sprayer with the particular orchard training systems.

It appeared that the air flow pattern generated by the

machine was the most important factor that determined the

vertical liquid flow profile. Therefore, it is not necessary to

model the observed spatial differences in droplet sizes close to

the nozzles in further CFD simulations that could be used for

optimising sprayer settings.

The limited means the grower has available to “tune” the

air flow patterns from axial or cross-flow sprayers (gear

settings, deflector, etc.) cannot significantly change the liquid

distribution patterns. Only in the case of a sprayer with indi-

vidual air spouts, can air jets be directed to obtain a more or

less predictable pattern. It has been shown in this case that

high liquid flow zones usually correspond to high air velocity

zones that also coincide with the jet axes.
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