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Abstract

Control of agricultural spray deposition is vital if pesticides and ather agrochemicas are to be delivered safely
and effedively to the intended target. One of the most significant parameters in controlling the behaviour of
these sprays is the droplet size Research has $own that the spray droplet size, and the fadors which effed it, is
one of the most important variables affeding spray deposition levels downwind of the gplication area (spray
drift). The droplet size dso defines how the spray is accumulated by the target spedes.

A variety of different particle sizing techniques have been used to charaderise ayricultural sprays in the past.
Of those available, laser diffradion provides a flexible and rapid method for the asessment of the delivered
particle size Modern laser diffradion equipment alows data aquisition rates of up to 2500Hz to be adieved
(one measurement every 0.4ms), permitting both the average particle size delivered by the spray system and the
spray dynamics to be assessed. This alows for an incressed understanding of the aomisation process and the
effect of formulation changes on the delivered particle size, leading to improved efficiency of delivery to the
intended target.

In this paper we present some new results obtained for agricultural spray nozzle systems and formations,
showing how it is possible to rapidly produce aprofile of how the particle size varies acdossthe entire spray
plume using laser diffradion. The question of how laser diffradion is affeded by the presence of air bubbles
within the spray dropletsis also explored. The results of both theoreticd modelling and pradicd work show that
laser diffraction provides arobust method for particle size determination for agricultural sprays.

Introduction

The particle size and size distribution of the droplets produced by nozzles isimportant in determining the
performance of agrochemicd application systems, both in terms of treament efficiency and environmental
impad. The use of fine particle sprays can lead to increased surfacedepasition on leaves. However, fine particles
are more likely to be subjed to spray drift away from the target area(the settling vel ocity of particles varies
approximately as the square of the droplet’s diameter). The use of coarse particle sprays can help eliminate drift
and can also penetrate into the plant canopy, thus all owing the lower parts of the target to be treated. However,
the risk of soil contamination and run-off becomes high. Thus, the particle size must be controlled in order to
provide the corred performance, dependant upon the target spedes and the environmental conditi ons.

Spray Particle Size M easurements

A variety of different particle sizing techniques have been used for the charaderisation of agrochemicd sprays
in the past. These vary from those based on intrusive lledion methods, to imaging techniques and those using
laser light scatering or absorption. Of those avail able, laser diffradion provides a flexible and rapid method for
the assessment of the delivered particle size Modern laser diffradion equipment all ows data aquisition rates of
up to 250(Hz to be atieved (one measurement every 0.4ms), permitting both the average particle size delivered
by the spray system and the spray dynamics to be assessed. This allows for an incressed understanding of the
atomisation processand the effea of formulation changes on the delivered particle size

Laser diffradion as a technique for particle sizing has been around since the late 1970s [1]. It iswidely used
for particle sizing in many different applications. Its successis based on the fad that it can be gplied to a variety
of different particulate systems. The technique is well established with the recent 1SO standard “Particle Size
Analysis — Laser Diffradion Measurements’ [2], the stated purpose which is to “provide a methoddogy for
adequate quality control in particle size analysis.” The SO standard provides a dea description of the general
principles of Laser Diffradion particle sizing and provides the user with a guide eplaining the performance
expeded from an instrument of this type.



The laser diffradion measurement principle is based on the fad that a particle passng through a ollimated
laser beam will scatter light at an angle which is inversely propartional to its sze A typicd experimental set-up
is shown in figure 1. The particles being measured are passed through a paral el laser beam. Any scattered light
isfocused onto aradial array of silicon diode detedors using a Fourier transform lens. This lens has the property
of imaging the scatter from particles of the same size to the same part of the detecor array, regardiess of their
position and velocity as they passthought the laser beam and their speed. Consequently at any given moment,
there isalight energy distribution aaossthe detector which diredly corresponds to the particle size distribution
of the droplets which are present in the laser beam.
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Figure 1. A schematic of atypicd laser diffradion system.

The particle size distribution relating to a given scatering pattern is obtained by fitting the data obtained to an
appropriate scatering model. Historicdly, the Fraunhofer approximation was employed for caculating particle
size distributions. However, this model incorredly predicts the scatering seen for particles smaller than 50
microns in size [2]. For this reason it is necessary to use the Mie scatering model. The Mie model corredly
acounts for the scattering seen from small and transparent particles and can therefore be used to acarately
asess the fine particle fradion present within sprays. Thisis important in the case of agrochemicd sprays, as it
isthe fine fradion that is responsible for spray drift. Mie theory requires the refradive index of the particles, the
refradive index of the medium (air) and a parameter relating to the transparency of the particlesisinput.

Theoretical Considerations— The measurement of Droplets Containing Bubbles

The measurement of spray droplets containing internal scatterers sich as bubbles can represent a significant
challenge for light scattering techniques. Thisis particularly true of techniques such as Phase Dopper
Anemometry (PDA) where the measurement of particle sizeis dependent on the retrieval of phase information.
The presence of secondary scattering spedes within the particle being measured changes the phase of the
observed scatering, thus making it virtually impassible to oktain size & well as velocity information. This has
been a significant obstade to the accetance of phase-based techniques within industries sich as the agricultural
industry where bubbles are often present within the droplets being measured. It has often been assumed that laser
diffradion particle sizingis subjed to the same erors as are observed with techniques such as PDA when
droplets containing bubbles are measured, as refradion of light within the particle can provide asignificant
contribution to the observed scattering.

M odelling Droplet Scattering

The scattering from droplets containing bubbles can be modell ed using the Mie scattering model for layered
particles [3]. This model is avail able within Malvern Instrument’s Zetasizer software and all ows the scétering
intensity at any angle to be predicted for droplets containing a second phase. The scéteringintensity values can
then be input into Malvern Instrument’ slaser diffradion software in order to caculate the associated size
distribution using a Mie model which assumes that only as sngle droplet phase is present. The layered particle
model assumes that the droplet structure is similar to that shown in figure 2 and requires the following
parameters as input:

e Therefradive index (RI) and absorption of the droplet phase (in this case water: Rl = 1.33, Absorption = 0).
e TheRI of theinternal phase (an air bubblein thiscase: Rl = 1).

e TheRI of the medium surrounding the droplet (air in this case: RI=1)

e The propartion of the droplet volume which is occupied by the internal phase.

e Thesizeof thedroplet (R) in microns.

e Thescateringangle & which the scatering intensity isto be cdculated.
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Figure 2. Droplet structure assumed in the core-shell scattering model used in this study.

Mie theory predicts that refraction within the droplet only contributes significantly to the observed scattering
when the droplet diameter islessthat 40\ [2]. Thisrelates to alimit of around 25 to 30 micronsin the case of the
Spraytec system, which uses a 670nm laser source. Calculations of the scattering from bubble-filled droplets
were therefore limited to under 25 micronsin this case. Figure 3 shows the distribution used in this study, as
calculated by the Malvern laser diffraction software for the case where no bubbles were present within the
droplet phase.
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Figure 3. Size distribution used in the polydisperse distribution calcul ations.

The scattering patterns calculated as a function of bubble size for the polydisperse distribution defined above
are shown in figure 4.
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Figure 4. Scattering patterns calculated for polydisperse distribution centred at 12 microns containing air
bubbles. Bubble proportions of between 0% and 90% by volume are shown. The scattering angle increases as the
detector number increases.



Hardly any variation is observed in the magnitude and position of the primary scattering peak as the bubble
proportion is increased. Some variation is seen in the secondary scattering response (detectors 29-36). Thisisas
expected as the presence of an internal scatterer will effect refraction of light through the droplet.

The Malvern software reports a D[4,3] of 12.6 microns for the droplets containing no air bubbles. The
reported particle size remains relatively constant as the bubble proportion isincreased (figure 5). A deceasein
the result obtained is observed at a bubble proportion of around 80%. The reason for thisis unclear. The result
variation is excellent, with only a 0.7% variation being observed in the reported D[4,3] across al bubble
proportions (table 3). These results suggest that the effect of bubble-filled droplets on the laser diffraction result
isnegligible, even for small droplets. The effect would be expected to become smaller as the droplet size
increases due to the decrease in importance of the secondary scattering component. However, a greater effect
would be expected for very narrow, sub-25 micron size distributions where the secondary scattering component
will be both significant and well-resolved.
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Figure5. D[4,3] reported by the Mastersizer program as a function of the air bubble volume percentage.

Bubble Dv10/ Dv50/ Dvoo/ | D[4,3]/
Proportion (%) | Microns | Microns | Microns | Microns
0 8.80 12.30 16.90 12.63
10 8.83 12.31 16.94 12.65
20 8.75 12.29 16.95 12.62
30 8.58 12.30 17.12 12.62
40 8.62 12.31 17.06 12.62
50 8.72 12.30 16.97 12.63
60 8.72 12.25 16.94 12.60
70 8.48 12.16 17.11 12.53
80 8.55 11.96 16.62 12.33
90 8.74 12.19 16.97 12.58
95 8.51 12.29 17.25 12.63
Average 8.66 12.24 16.98 12.59
Variation (%) 1.40 0.88 0.94 0.72

Table 1. Particle size distribution statistics reported for droplets containing different bubble proportions.

Application of Laser Diffraction to Agrochemical Spray M easur ements

The particle size distribution delivered by atwo agrochemical spray nozzles (one air inclusion (Al) nozzle
and one standard anvil nozzle) was measured using the Spraytec laser diffraction system (Malvern Instruments,
Malvern, Worcs, UK) [4]. Thissystem allows real time measurements to be carried out at speeds of up to
2500Hz, alowing the dynamics of spray evolution to be assessed. In this case measurements were acquired
every second as the spray was passed through the measurement zone, with the spray fan set at right anglesto the
laser beam.



Air Inclusion Nozzle M easurements
Figure 6 shows the “time history” recorded for an Al nozzZle & the spray was sanned aaossthe laser
diffradion measurement zone.
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Figure 6. Time history recorded for the movement of an Al fan spray through the Spraytec measurement zone.

The transmission value recorded here relates to the wncentration of particles within the spray plume. This
increases towards the cantre of the plume. The recorded perticle sizeisrelatively small at the extremes of the
spray plume. In the entre aroughly constant particle sizeis observed. Some large fluctuations are seen in the
recorded values. Thisrelates to the sensitivity of the laser diffradion tedhnique to the presence of coarse
particles (the scattering strength increases acording to the volume of the particle). The gppeaanceor
disappeaance of afew large particles can therefore have alarge dfed of the cdculated results.

The average particle sizedistribution cdculated for the entire spray plumeis shown in figure 7. Ascan be
sea, the particle sizeislarge, partly dueto the ar inclusions with the droplet phase. No artefads relating to the
bubbles within the droplet phase ae observed. These results are in broad agreement with those obtained using
image-based measurements.
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Figure 7. Average sizedistribution cdculated for the Al nozze.



Anvil Nozzle M easur ements
Thetime history profil e recorded for passage of the spray produced by a standard anvil nozze through the
Spraytec measurement zone is iown in figure 8.
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Figure 8. Time history recorded for the movement of an anvil nozzle spray through the Spraytec measurement
zone.

The profile obtained in this case is completely different to the Al nozzle. The concentration of the spray is
much higher. The @mncentration at the centre of the spray is also lower than towards the edge of the spray
plume. Thisis as expeded for an anvil-type nozzle. The particle size d the extremes of the spray plumeislarge
in this case, moving to small er particle sizes towards the eentre of the plume. Again, these results are in broad
agreement with those obtained using image-based measurements.

Conclusions

Thetechnique of laser diffradion provides a robust means of measuring the particle size of agrochemicd
sprays, alowing bath the spray dynamics and the spray-plume profile to be asessed. The results obtained using
laser diffradion techniques have, in the past, been questioned due to the unknown effed of air inclusions on the
obtained results. Theoreticd modelling based on the Mie layered particle model shows that for large particles
and pdydisperse distributions the presence of bubbles has a negligible effed on the results. Both Al and
standard agrochemica sprays can therefore be dharaderised using the technique.
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