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Abstract
Improvements in crop spray methods result in environmental and cost benefits.
By developing a greater understanding of the physical processes involved, it
should be possible to tailor spray formulations to maximise retention by plant
foliage. This enables the reduction of the chemical active required to achieve
agrochemical efficacy. In the present poster one important aspect of the re-
tention process is considered: a droplet-leaf impaction model is presented
allowing for bounce, shatter or adhesion of the droplets by the leaf surface.

Introduction

During crop spraying it must be ensured that the cor-
rect dose of spray formulation reaches the plant whilst
minimising spray loss. Individual spray performance
can be empirically modelled from field trials, how-
ever, more robust and transferable models need to in-
corporate the physical processes involved. Here we
study the immediate result of a collision between a
spray droplet and a leaf surface. We consider the case
where the leaf is horizontal and the droplet falls verti-
cally. (Tilted leaves lead to further complications [1].)
There are three possible impact outcomes:
•Adhesion – the droplet spreads out onto the leaf

surface and remains there.

•Bounce – the droplet, after spreading on the leaf,
rebounds to leave the surface.

• Shatter – the droplet is broken into a number of
smaller droplets which may then leave the surface.

Although adhesion may be low, re-capture of bounc-
ing or shattered droplets may produce high retention.
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FIGURE 1: The processes involved in the droplet-leaf im-
pact showing the three possible outcomes.

The initial droplet is taken to be spherical, of diameter
D0, with velocity V0 vertically down, dynamic viscos-
ity µ, surface tension σ and density ρ. There arise
two dimensionless parameters, the Weber and Ohne-
sorge numbers (We = ρD0V

2
0 /σ, Oh = µ/

√
ρσD0).

A droplet at rest on a horizontal surface has the equi-
librium contact angle between droplet and leaf. How-
ever, for flowing droplets there are advancing or re-
ceding contact angles. For the model here, it is ad-
equate to take equilibrium and advancing contact an-
gles to be equal. The receding contact angle is com-
puted by subtracting the relatively constant difference
measured between upslope and downslope contact an-
gles on a tilted surface. Measurements were taken for
various formulations and different leaves using a KSV
CAM 200 optical contact angle instrument with an au-
tomated tilting stage and Basler digital video camera.
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FIGURE 2: A droplet flowing down a slope indicating ad-
vancing (θA) and receding (θR) contact angles.

The Bounce Model

Assume for the present that a droplet does not shatter.
The falling droplet contains kinetic energy, due to its
vertical velocity, and potential energy, which is mainly
due to its surface tension. As the droplet spreads out
and flattens on the leaf surface, some of the initial ki-
netic energy is converted into potential energy through
increases in droplet surface area. The droplet reaches
a point of maximum spread from which it then re-
cedes back towards a more spherical shape returning
under the force due to the surface tension. During both
the expansion and recession phases the droplet loses
energy by friction. If the loss is small enough then
sufficient energy remains for the droplet to leave the
leaf surface (bounce) as it retreats from its spreading
phase. If friction energy losses are larger the droplet
is retained (adhesion). We use the Attané-Girard-
Morin (AGM) model [2] to describe the droplet’s be-
haviour on the leaf surface. The spreading (or reced-
ing) droplet is modelled by a rimmed cylinder that sat-
isfies the conservation of energy equations:
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The parameter s = 1.41Oh−2/3 is fitted empirically
[2]. The cylinder radius (r) and time (t) have been
nondimensionalised, and θ is the advancing contact
angle when the droplet is spreading (dr/dt > 0) and
the receding contact angle when the droplet is reced-
ing (dr/dt < 0). The initial conditions arise by re-
placing the falling spherical droplet with a cylinder on
the leaf with the same surface and kinetic energies:
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However, for θ > 109◦, the pragmatic approach of
assigning r(0) = 0.39 is taken as in this range r(0)
ceases to have a real positive root [2].

We extend the AGM model to include a new crite-
rion for bounce: if the receding droplet returns to the
original cylinder radius r(0) then bounce occurs. This
mimicks the initialisation. Here, again, the droplet
on the leaf has the same surface energy as a spherical
droplet above the leaf surface. If, instead, the droplet
comes to rest at r > r(0) then adhesion occurs.

The Shatter Model

The AGM model is invalid if the droplet shatters.
Then, during the spreading phase, the droplet breaks
into smaller droplets which may leave the leaf. Mod-
elling of this process is at a more preliminary stage [1].
Again by considering the energy balance, Mundo et
al. [3], obtained a criterion for shatter (We)2 Re > K4

where K is a constant. Their analysis found a value
of K = 57.7 was valid over a wide range of surface
roughnesses, however, Yoon et al. [4] observed that
there should be some further variability and obtained
K = 152 for water on a paraffin wax surface. For com-
parison with the experimental results, this criterion
has been used with an approximate value K = 100.

Laboratory Experiments

An impulse-jet droplet generator was used to produce
mono-sized droplets. These were fired individually
straight down onto a horizontal leaf surface. It was
noted whether the initial outcome of the impact was
that the droplet remained on the surface (adhesion) or
the droplet left the surface (either bounce or shatter).
The experiment was repeated (ten droplets onto each
of five replicate leaves, i.e. 50 droplet impactions) for
each set of conditions for statistical robustness. The
study utilised different plant species but only results
for Pisum sativum (pea) are presented here. Different
formulations were used to provide a range of surface
tensions (σ) from 33 to 72 mNm−1.

Results

Figure 3 illustrates the accuracy of the model predic-
tions. Experimental results are shown with symbols:
the ‘rebound’ symbol indicates that the droplet did not
adhere (i.e. it bounced or shattered) and the ‘marginal’
symbol indicates that in some trials the droplet ad-
hered and in others it did not. Solid lines show the the-
oretical value above which bounce can occur. Associ-
ated dashed lines enclose a borderline region due to
natural variability and are computed using the contact
angle determination statistics. The dot-dashed lines
represent the model value above which shatter occurs.

The water (σ = 72) results are above the bounce
threshold and no droplets adhere. The formulation F1
droplet (σ = 49) outcomes are marginal near the bor-
derline region and rebound above. The formulation F2
droplets (σ = 42) adhere below the bounce threshold
and have marginal outcomes in the borderline region
until non-adhesion occurs above the shatter threshold.
Finally, the formulation F3 droplets (σ = 33) are be-
low the bounce threshold (off the graph) and adhere
until the shatter threshold is crossed where there is first
a marginal outcome and then rebound.
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FIGURE 3: Comparison of experimental results (symbols)
with the model (lines). Plant species: Pisum sativum (pea).
Water (σ = 72) and formulations: F1 (σ = 49), F2 (σ = 42),
and F3 (σ = 33).

Discussion and Conclusions

This simple model has proved an accurate predictor
of the outcome of impacts between spray droplets and
a leaf surface. Similar results have been found with
other species. The approach will be further extended
to include improved models of droplet shatter.
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[2] P. Attané, F. Girard, V. Morin: An energy balance approach of the dynam-
ics of drop impact on a solid surface. Phys. Fluids, 19, 012101 (2007)

[3] C.H.R. Mundo, M. Sommerfeld, C. Tropea: Droplet-wall collisions: ex-
perimental studies of the deformation and breakup process. Int. J. Multi-
phase Flow, 21, 151 (1995)

[4] S.S. Yoon, P.E. DesJardin, C. Presser, J.C. Hewson, C.T. Avedisian: Nu-
merical modeling and experimental measurements of water spray impact
and transport over a cylinder. Int. J. Multiphase Flow, 32, 132 (2006)


