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Abstract

The aim of this project was to investigate and develop physical models of the
process of spray retention on plants. By developing a greater understanding of
the physical processes involved in spray retention it is then possible to tailor spray
formulations that will be retained better on various types of plant leaves. This
has great environmental and cost benefits as it is then possible to use less active
chemicals to achieve the same level of uptake by the plant. Different aspects of the
retention process were considered including the trajectory of the spray on leaving
the nozzle; a droplet-leaf collision model allowing for bounce, shatter and retention
of the droplets on the leaf surface; overall retention and runoff of spray as it accu-
mulates on the leaf surface; and a plant canopy model to describe the interception
of the spray within the plant canopy.

1. Introduction

The aim of this project was to investigate and develop physical models
of the process of spray retention on plants. This depends upon many
factors including the droplet distributions (size and velocity), the spray
formulation’s surface tension, the plants’ leaf characteristics (such as
being waxy or hairy), and finally the properties of the plant canopy
(such as overall shape, height and the distribution of leaves and leaf
angles). It is important to have good models of spray retention for
the optimisation of the spraying process. For cost, and environmental
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considerations, the eventual aim should be to minimise the amount of
spray agent used while ensuring that the required dose still reaches the
plant. Some of the parameters of that process can be adjusted such as
spray height and the formulation’s surface tension while others such as
the plants’ leaf characteristics can not.

The MISG group divided the problem into a number of sub-problems:
a spray trajectory model; a collision model; a run-off model; and a plant
canopy model. From the canopy models the probability of hitting a
leaf is determined. From the spray and trajectory model the droplet
size and velocity is determined at the point of hitting the leaf (in fact
a whole spectrum of values is required). The behaviour of the droplet
and whether it bounces, adheres or shatters is determined from the col-
lision model. Finally run-off must be monitored and allowed for. As
well as their own experience and experimental results, the PPCNZ rep-
resentatives brought an extensive collection of papers from the scientific
literature. The information therein provided a large part of the founda-
tion for the different component models.

To construct a model of the whole retention process all of these sub-
models need to be brought together. Members of the MISG group con-
structed a flow-chart to illustrate the process and calculated retention
for a simplified model by assuming some of the probabilities involved in
the process.

2. Droplet Trajectory

2.1. Introduction

To be able to predict what happens to a droplet when it impacts on a
leaf surface, one must know the impact conditions such as droplet size,
droplet velocity, leaf angle and other leaf characteristics (such as rough-
ness and wettability). In this section we investigate the deceleration of
the droplets from the spray nozzle to the plant canopy and demonstrate
a method for calculating the velocity of the droplet at impact on the leaf
surface.

2.2. Velocity calculation

An individual droplet in an air stream is under the influence of three
forces: the air resistance, its own weight due to gravity, and the buoyancy
force due to the air displaced by the droplet. The density of the droplet
is similar to that of water and hence is approximately three orders of
magnitude higher than that of the surrounding air, so the buoyancy force
of the droplet is very small, and can be ignored. Summing the effects
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of air resistance and gravity according to Newton’s second law gives the
following differential equation for the velocity of the droplet

m
dv

dt
= −π

8
CDρad

2|v − u|(v − u) +mgk

= −π
8
CDρad

2|v − u|(v − u) +
π

6
ρd3gk, (1)

(cf.[18]) where v, ρ, m and d are the velocity, density, mass and diameter
of the droplet, respectively, ρa is the density of the surrounding air and
u is the ambient air velocity. The drag coefficient (CD) is dependent on
the Reynolds number (Re) and is given by Perry et al. [18] as

CD =
24

Re
(1 + 0.14Re0.70) for Re ≤ 1000, (2)

CD = 0.447 for Re > 1000. (3)

The Reynolds number is the ratio of inertial forces to viscous forces
and so here we set Re = ρa|v − u|d/µa. We take values of µa = 1.82 ×
10−5kg/m/s for the dynamic fluid viscosity of air and ρa = 1.21kg/m3

for the density of air.
Droplets with diameters in the range of interest (100µm - 1000µm)

will mostly be in the intermediate region of flow given by equation (2).
In order for equation (3) to apply, a 100µm droplet would need to have
a relative speed of at least 150m/s, and a 1000µm droplet would need to
have a relative speed of at least 15m/s. This latter case may occur near
the point of release, as the initial speed of a droplet leaving the sprayer
is typically between 15m/s and 18 m/s (from sprayer manufacturer fact
sheets and personal experience of the industry representatives) and so
(3) would be appropriate for a 1000µm droplet near the nozzle. However,
in general, equation (2) is the applicable form of the drag coefficient.

Terminal velocity for a droplet can be obtained by solving the steady
state version of equation (1) for the velocity. At terminal velocity a
droplet is moving with the air horizontally, and falling toward the ground
at a rate called its settling speed S, which depends on the droplet size.
Some settling speeds for the range of diameters considered are given in
Table 1.

In boom spraying the droplets are released from a horizontal boom
which runs perpendicular to the direction of travel. As a generic exam-
ple of spraying, we will consider a comparatively typical boom spraying
scenario with droplets having an initial speed of 15m/s, and the boom
being approximately 50cm above the crop canopy. These would be ap-
propriate values for the spraying of short crops such as onions or pota-
toes. It is assumed that there is no wind. Furthermore, entrainment
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Droplet Diameter (µm) Settling Speed (m/s)

100 0.29
300 1.35
500 2.30
700 3.16
1000 4.32

Table 1. Some typical settling speeds of droplets.

of the air near the spray nozzle is not considered. These are simplify-
ing approximations which might be relaxed at a later date although in
general spraying is avoided in winds above 5m/s.

The governing differential equation (1) can be solved numerically to
obtain the velocity of a droplet when it reaches the crop. Figure 1 shows
the downward speed of various size droplets upon reaching the crop,
assuming the initial conditions given above. The slope of the curve
is shallower for droplets with a diameter below approximately 160µm.
These are the droplets that reach terminal velocity before impacting on
the crop at 50cm. For droplets larger than this diameter, the droplets do
not have time to decelerate to terminal velocity before impacting with
the crop. For example, a 700µm droplet takes 38ms to reach the crop.
During this short time interval it decelerates from 15m/s to an impact
speed of 11.6m/s, which is still much larger than its terminal velocity of
3.16m/s.

2.3. The simulation of a spray nozzle

There are many and varied nozzles used in spray applications, and
spray nozzles used in boom spraying can produce a wide range of spray
angles. A typical spray angle used in many applications is 80◦. A simpli-
fied two-dimensional simulation of a nozzle with an 80◦ spray angle has
been produced by releasing individual droplets, with initial speed 15m/s,
at various angles −130◦ ≤ α ≤ −50◦ (where α is the angle above the
horizontal). The components of the initial velocity of any given droplet
are then given by (15 cosα, 15 sin α). This simulation has been done for
a variety of different droplet sizes and gives an idea of the trajectory of
the droplets from the spray nozzle.

As the air is still, droplets travelling at terminal velocity are therefore
falling vertically with the settling speed S, which is given in Table 1.
We know from Figure 1 that 100µm droplets do reach terminal veloc-
ity before impacting, this can be clearly seen in Figure 2, the droplets
are falling vertically upon impact on the plant which is at zero vertical
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Figure 1. The impact speed of droplets with diameters ranging between 100µm and
1000µm. (The droplets have an initial velocity of 15m/s vertically downward and the
crop is 50cm below the nozzle.)
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Figure 2. A two-dimensional simulation of the spray trajectory from a nozzle pro-
ducing 100 µm droplets.
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Figure 3. A two-dimensional simulation of the spray trajectory from a nozzle pro-
ducing 700µm droplets.

displacement. However, this is not the case for droplets with diameter
larger than approximately 160µm. The two-dimensional simulation of
a nozzle producing 700µm droplets, again with an 80◦ spray angle, is
shown in Figure 3.

We know from Figure 1 that 700µm droplets do not reach terminal
velocity before impacting on the leaf surface at 50cm below the nozzle.
In fact they lose comparatively little of their vertical velocity. From
Figure 3, it can be seen that, at impact, these droplets also retain much
of their initial horizontal velocity too. Therefore these 700µm droplets
strike the plant canopy at an angle, not vertically as for the 100µm
droplets.

In summary, droplets reaching the plant canopy will have a wide range
of velocities dependent on their diameter. Small droplets will impact rel-
atively slowly and vertically, while large droplets will impact much more
rapidly, and at an angle. For a given nozzle with known velocity and
droplet size distribution it is possible to determine the velocity (speed
and angle) of each droplet when it impacts on the leaf surface at a given
distance from the spray nozzle. This information is required for input
into the retention models discussed in the next section.
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3. Collision Models

3.1. Introduction

When a droplet impacts on a leaf surface it can do one of three things:
adhere to the leaf; bounce off the leaf; or shatter into smaller droplets
that may or may not adhere to nearby leaf surfaces. The factors that
govern which behaviour results from an impact are the droplet size and
velocity, the formulation of the droplet (whether surfactants have been
added to alter the surface tension) and the leaf characteristics (such as
wettability, angle and roughness). In this section models will be de-
veloped to describe whether or not a droplet impacts on a leaf and,
if it does, what is the resulting behaviour. A similar collision model
developed by Spillman [21] was used in the 2001 Mathematics in In-
dustry Study Group to investigate the application of pesticide to grape
bunches [2]. The model used here, and described below, is based on
the Spillman [21] model with further refinements based on experimental
validation.

3.2. Inertia Effects

Firstly, it must be determined whether or not droplets embedded in
an air stream flowing directly towards a leaf will impact on the leaf
surface or avoid it. This will depend on the size and velocity of the
droplet. From studying droplet size distribution data provided by the
industry representatives it was ascertained that here we are typically
dealing with droplets with diameters (d) from 100µm to 1000µm. As
fluid flows around a leaf small droplets are swept up with the flow and
can possibly miss the leaf while larger droplets with more inertia will
deviate from the flow and are more likely to impact on the leaf surface,
see Figure 4 for a schematic diagram of this. Peters and Eiden [19]
derived an empirical formula for the efficiency E of this impaction,

E =

(

St

St + 0.8

)2

, (4)

based on the the Stokes number, St, of the flow

St =
ρd2

18ρaνa

2U

de
, (5)

where U is the velocity of the droplet, de the diameter of the leaf as
seen by the airflow, ρa the density of the air and νa the kinematic vis-
cosity of air. Figure 5 shows the efficiency of impaction of the smallest
droplets (100µm) for two leaf diameters (10mm and 50mm) as a function
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U Leaf

Figure 4. Large particles are possibly carried by their inertia into the leaf whereas
lighter particles more closely follow the flow and may avoid the leaf surface.

of the droplet velocity. Even for the worst case scenario, of the small-
est droplets under consideration and the largest leaf diameter, there is
at least a 90% impaction efficiency for the droplet velocities that we
are interested in. For the range of droplet sizes and velocities relevant
to the problem under consideration, the vast majority of the spray im-
pacts on the leaf surface, and so determination of these inertia effects is
unnecessary in future calculations.

3.3. Adhesion or Bounce

When a droplet impacts a leaf surface its kinetic energy causes it to
spread across the leaf surface. In doing so the kinetic energy is trans-
ferred to potential energy that is stored in the interface due to surface
tension. As the droplet spreads it also loses energy due to friction. The
droplet reaches a maximum spread and then begins to recoil back to-
wards its original shape. See Figure 6 for a schematic representation of
this mechanism. If the energy losses are small enough the droplet will
reform and detach from the leaf surface. If the losses are large enough
then the droplet recoil is insufficient to reform the droplet and it will
remain attached to the leaf surface. The factors affecting this process
are the droplet size and velocity (influencing the kinetic energy), the
surface tension of the droplet formulation, the advancing and receding
angles of the droplet over the surface, the wettability of the surface, the
surface roughness and the friction coefficient.

Following Pasandideh-Fard et al. [17] (and others such as Mourougou-
Candoni et al. [14], Yoon et al. [24]) an equation for the maximum spread
of a droplet can be determined. For an initially spherical droplet of
diameter d, density ρ and velocity v the kinetic energy is

KE =
π

12
ρv2d3 (6)

and the surface energy is
SEi = πd2γ (7)
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where γ is the equilibrium surface tension of the formulation. The sub-
script i refers to the initial surface energy and later the subscript f refers
to the surface energy at full extended position. When the droplet reaches
its fully spread extent it is assumed to be a thin pancake-shaped layer
of diameter dmax. The kinetic energy is zero. By subtracting the effect
due to the wetting of the leaf surface by the bottom of the droplet from
that due to surface tension in the droplet’s free top surface, the effective
surface energy is

SEf =
π

4
d2

maxγ(1 − cos θA) (8)

where θA is the advancing contact angle of the droplet on the leaf surface
(this depends upon the leaf type and formulation). The work done in
deforming the droplet against viscosity is shown in Pasandideh-Fard et
al. [17] to be

WD =
πρv2dd2

max

3
√

Re
(9)

where Re = vd/ν is the Reynolds number of the flow and ν is the kine-
matic viscosity of the formulation. Figure 7 shows energies associated
with the combinations of two different sizes of droplet and two different
liquid formulations. The two droplet diameters are 1000µm ((a) and (b))
and 100µm ((c) and (d)). The liquid formulations considered are water,
which has a contact angle of 110◦ and a surface tension of 0.072Nm,
((a) and (c)), and water with a surfactant added, for which the contact
angle reduces to 30◦ and the surface tension reduces to 0.032Nm ((b)
and (d)). [9] For both droplet sizes adding the surfactant increases the
work done in the spreading phase as the droplet spreads further across
the leaf surface. Also the surface energy at full spread (SEf ) is lower
and hence there is less energy stored in the droplet so recoil and bounce
is less likely to occur.

Using energy conservation from the incoming droplet and up to the
point of maximum spread

KE + SEi = SEf + WD (10)

and rearranging gives the maximum spread factor as

β =
dmax

d
=

√

We + 12

3(1 − cos θA) + 4We/
√

Re
(11)

where We = ρdv2/γ is the Weber number, a measure of the balance be-
tween the inertial and capillary forces. This formula for the maximum
spread gives good agreement with experimental and detailed numerical
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Figure 7. Energies of a 1000µm droplet ((a) and (b)) and a 100µm droplet ((c) and
(d)) before impact (KE and SEi) and at maximum spread (WD and SEf ). (a) and
(c) are for water with a contact angle of 110◦ and surface tension γ=0.072Nm. (b)
and (d) are for water with a surfactant added so lowering the contact angle to 30◦

and surface tension to γ=0.032Nm.
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investigations as outlined in Pasandideh-Fard et al. [17]. They found
that the advancing contact angle was a good measure of the effect of
adding a surfactant to the droplet formulation. (A surfactant generally
decreases the contact angle by increasing the wettability of the formu-
lation and lowering its surface tension.) Of particular interest is that
the equilibrium surface tension was found to correlate better with the
maximum spread as compared to the dynamic surface tension. An ex-
planation of this is that the time scale for the dynamic surface tension
to change is a lot greater than that for the droplet to spread: it is of the
order of 200ms (Forster et al. [8]) compared to 20ms (Pasandideh-Fard
et al. [17] and Mourougou-Candoni et al. [14]). In contrast to this, the
experimental work of Forster et al. [8] has shown that dynamic surface
tension is well correlated to spray retention. This is not contradictory as
Crooks et al. [6] show that there is a critical surfactant concentration be-
low which dynamic surface tension is not a factor in the droplet spread
and above which it is a dominant factor. Dynamic surface tension is
more likely to have an impact in the recoil phase of a droplet’s motion
and hence can indeed be related to the ultimate retention of the droplet
on the leaf surface. Experiments conducted by Webb and Holloway [23]
show that formulations with a lower dynamic surface tension are re-
tained after fewer bounces and also can have a higher impact velocity
before bounce of the droplet occurs. These factors have implications for
the interpretation of both experimental and analytical results.

Determining whether a droplet adheres or bounces from the leaf sur-
face is more difficult that just calculating the maximum spread of the
droplet and the energy lost in that spread. The droplet will also lose
energy on recoil but this is more difficult to determine and, according to
Yoon et al. [24], as yet no relationships have been found. There have
been some attempts to quantify this, with Aziz and Chandra [1] suggest-
ing from experimental evidence of small (< 80µm) droplets of molten
metal that the droplet will bounce if SEf > WD . However, there is no
physical justification of this and it is contrary to other evidence. Fur-
ther, this assumes that the energy lost in the recoil phase is equivalent
to that lost in the expanding phase which is clearly untrue, as the recoil
velocity is substantially less than the expanding velocity as noted by
Bergeron et al. [3]. Droplets may in fact bounce multiple times at the
leaf surface [23]. This can affect retention as a multiple bouncing droplet
may still be retained on the leaf surface. In fact, if droplets are going to
bounce off and escape from the leaf surface completely, this will generally
happen at the first bounce. To determine an approximate criteria for
droplet bounce consider the total energy available in the droplet for the
recoil phase. For a given droplet diameter at maximum spread extent,
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the droplet has a total energy equal to the surface energy SEf . For the
droplet to reform it must have an amount SEi of that quantity retained
as a surface energy when the droplet leaves the leaf surface, so the total
available energy to be lost on the recoil phase is SEf − SEi. This is
shown in Figure 7 as the dot-dash line. If the recoiling drop leaves the
leaf with a kinetic energy KEb then

KEb + WDr = SEf − SEi (= KE − WD). (12)

Assume that the energy lost in the recoil phase (WDr ) follows the
same physical mechanism (but at a lower velocity [3]) as that lost in
the spreading phase. (This is not exactly true as spread and recoil are
different mechanisms but it is likely to be approximately correct.) From
Figure 7 it is then possible to determine if bounce can occur. For a
given incoming droplet velocity (v) determine the available energy for
recoil (SEf − SEi) and equate this to the energy for work done (WDr )
(draw a horizontal line from the SEf − SEi curve to the WD curve).
Now determine what surrogate velocity this gives the droplet. If at that
surrogate velocity the kinetic energy (KEb) is less than the work done
then there is not sufficient energy for the droplet to reform and leave
the leaf surface. That is, all the available energy has been used in the
droplet recoil phase and so it adheres to the surface. The point where
the kinetic energy equals the work done therefore gives the critical value
of available energy for the recoil phase which in turn gives the critical
incoming droplet velocity where bounce is possible.

To clarify this consider the example of a 100µm droplet with a con-
tact angle of 110◦ and a surface tension of 0.072Nm travelling at 4m/s.
From Figure 7(c) this has approximately SEf −SEi = 0.8× 10−9Nm of
energy available to be lost on the recoil phase. The critical assumption
is that the energy loss on recoil is by the same mechanism as expansion
just at a lower velocity so find the velocity of a surrogate droplet that
loses that much energy during the expansion phase. For that amount
of energy the surrogate velocity is given by the WD line on Figure 7(c)
as approximately 1.8m/s. So the amount of energy loss is equivalent
to a surrogate droplet coming in at 1.8m/s and expanding. For such a
surrogate droplet the kinetic energy is larger than the energy lost (the
KE line is above the WD line). Hence not all of the energy available to
the original droplet at its fully expanded position is lost on recoil and so
that droplet will have some energy left at the point where it reforms as a
sphere which is converted to kinetic energy and the droplet bounces off
of the leaf surface. To find the critical value consider a droplet with in-
coming velocity of approximately 3.3m/s. At this velocity the available
energy SEf − SEi is approximately 0.55 × 10−9Nm. This corresponds
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Figure 8. The boundary between droplets adhering to the surface and bouncing off
for various surface tension and contact angles. Below a line the droplets adhere and
above a line the droplets will bounce.

to a surrogate velocity of approximately 1.45m/s. At this surrogate ve-
locity WD is equal to KE so the surrogate droplet would expend all its
available energy in the expansion phase. By the assumption this means
that the original droplet will just expend all its available energy on the
recoil phase and not bounce off the leaf surface.

Shown in Figure 8 is a plot of this critical adhere/bounce line as droplet
diameter versus incoming droplet velocity for various contact angles and
surface tensions. Points below the lines correspond to droplets adher-
ing and points above the lines to droplets bouncing (and potentially
not adhering). As the surface tension and contact angle are decreased,
droplets are more likely to adhere to the leaf surface. For example con-
sider a 400µm droplet travelling at 1m/s. If the droplet has a surface
tension of 0.072Nm and a contact angle on the leaf surface of 170◦ then
it will bounce. In contrast on a different leaf type this droplet may have
a contact angle of 90◦ in which case it will adhere to the leaf surface.

Further work is needed in this area. The formulae need to be compared
with experimental results to see if just surface tension and contact angle
are adequate to describe all the known behaviour. It is suspected that
leaf surface roughness will have an active part to play in the droplet
spread and this may need to be incorporated into the theory. Dynamic
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surface tension is known to correlate well with retention and the effect of
that should also be investigated. Throughout we have assumed that the
leaf is horizontal and the droplet is moving vertically. It is well known
that the retention rate changes with leaf angle [9] and this needs to be
investigated using these formulae. It is expected that the component
of the velocity normal to the leaf surface will be the critical incoming
velocity but this will need to be verified experimentally. Throughout
this work it has been assumed that the viscosity of the formulation
(as it appears in the Reynolds number) is not altered. Mao et al. [13]
have shown that “the tendency of droplets to recoil and rebound is less
for higher viscosity liquids than for lower viscosity liquids”, hence any
changes in viscosity brought about by the addition of a surfactant should
also be included in a model. Recent work by Bergeron et al. [3] has shown
that the inclusion of a small amount of polymer additive can drastically
alter the recoil characteristics. Although out of the scope of the present
project this is an area that requires further analytical and experimental
work.

3.4. Shatter

When a droplet strikes a leaf in a more energetic state than for the
bounce mode described above it is also possible for it to break up into
many smaller droplets. We will call this behaviour shattering of the
droplet. It is also known as splashing or droplet breakup. In the context
of spray retention, this shattering is not necessarily a bad outcome as the
droplet breaks into smaller, slower-moving droplets that are more easily
captured on nearby leaf surfaces and can actually enhance the retention
of the spray.

In a similar manner to that described above for the bouncing of droplets,
Mundo et al. [15] considered energy balances and derived a criteria for
the splashing of droplets as

We2Re > K 4 (13)

where K is a constant. Mundo et al. [15] found this constant to be
K = 57.7 over a wide range of substrate (leaf) roughness ranging over
0.001 < R < ∞ where R is a nondimensional roughness and defined as
the ratio of the surface roughness to the droplet diameter[16]. Yoon et
al. [24] discuss this constant and note that “K increases with decreasing
surface roughness since an impacting liquid droplet can spread further on
a smooth surface before it shatters”. They show that for the experiments
of Mao et al. [13] the value of K can be up to K ≈ 152 for water on
a paraffin wax surface. Shown in Figure 9 are plots of equation (13)
for 3 different surface tensions (γ = 0.072, 0.052 and 0.032Nm) and 3
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Figure 9. Boundary between droplets shattering on impact with the surface and
bouncing/adhering to the surface for various surface tensions and values of the con-
stant K in equation (13). Above a line the droplets shatter on impact and below a
line the droplets will bounce/adhere.

values of the constant K (20, 57.7 and 152) to cover a wide range of
different surface types. Above a line the droplet shatters and below a
line it either bounces or adheres as given by the previous section. As K
decreases the critical shatter velocity of a given droplet size decreases, so
for rough leaf surfaces the velocity above which shattering occurs is lower
than for smoother leaf surfaces. As the surface tension decreases, the
critical shatter velocity of a given droplet size decreases as there is less
surface force holding the droplet intact. Adding a surfactant increases
the likelihood of shatter which is beneficial to retention of the spray on
the leaf surface.

Further analytic work is needed in this area to incorporate the surface
roughness and contact angle into the formulae so that a predictive value
of K can be determined. At present, the value of K that is relevant to a
particular leaf type and formulation must be determined experimentally.
The result given by equation (13) needs further experimental work to
determine its usefulness in real world applications although it does show
great promise as a predictive tool for droplet shattering.
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4. Run–off

4.1. Introduction

When a solid surface is sprayed, the drops adhering to the surface
increase in size as more spray droplets impact upon them and they co-
alesce with neighbouring drops. The amount of spray retained on the
surface grows until the surface drops grow to a critical size, above which
they begin to slide down the surface and drip off. This is called run–off.
Further spraying usually increases run–off and the maximum retention
is at the point of run–off. Any spraying done past the point of runoff
is potentially wasteful and so an estimate of this point is keenly sought
after by the industry.

According to Furmidge [10] the surface properties of the spray liq-
uid/solid combination are among the most important factors determin-
ing spray retention on solid surfaces. He developed a theory of how
the physical properties of the spray liquid and the solid surface govern
retention and then determined theoretical retention figures for different
spray formulations. This theory will be summarised here.

4.2. Determining the angle for run-off

Furmidge [10] studied the sliding of drops of water and solutions of
surfactants on wax and cellulose acetate surfaces. This is a static situa-
tion where the movement of a drop is expressed in terms of the droplet
size, the angle of tilt of the surface, the surface tension of the spray
liquid, and the advancing and receding contact angles of the droplet.

For a given liquid on a given surface, several authors have produced
the following expression:

mg sinα

ω
= Hγ , (14)

where m is the mass of the drop on the surface, α is the angle of tilt of
the surface necessary to start sliding of the drop, γ is the surface tension
of the drop (determined by the spray formulation), and ω is the width of
the drop on the leaf. Hγ is a constant that varies only with the droplet
surface tension and not the leaf angle and so can be determined from a
single measurement.

As the proportion of surfactant in the spray solution increases, the
angle at which run–off will occur decreases across the range of droplet
widths, as seen in Figure 10 which is a comparison of the sliding angle at
two different surfactant levels. Note that as surfactant is added the size
of a droplet that can be supported on a vertical leaf (90◦ sliding angle)
is decreased.
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Figure 10. Relationship between droplet size and the angle of tilt required for
run-off for different quantities of surfactant in the spray solution.

The droplet on the leaf surface does not stay spherical but rather
forms a spherical cap of width ω proportional to the width of the sprayed
droplet, d. Using volume formulae for the spherical cap and sphere we
can determine d in terms of ω as

π

6
d3 =

π(1 − cos θ)2(2 + cos θ)

24 sin3 θ
ω3, (15)

where θ is the contact angle of the spherical cap with the leaf surface.
Rearranging gives

d =
1

sin θ

3

√

(1 − cos θ)2(2 + cos θ)

4
ω. (16)

For example, if the contact angle of the drop with the surface is 60◦,
then we have d ≈ 3

5 ω.

4.3. The sliding of drops

The force that causes the drop to move is mg sinα and so the work
done by the drop in descending a distance l is W = lmg sinα. The work
done in overcoming surface tension while moving a distance l is given by
W = γωl(cos θR − cos θA), where θA is the advancing contact angle of
the drop and θR the receding contact angle as shown in Figure 11. By
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equating these two different expressions for the work done we obtain

W = lmg sinα = γωl(cos θR − cos θA), (17)

and using equation (14) gives

γ(cos θR − cos θA) = Hγ . (18)

This formula gives a constant relating the spray formulation (given by γ)
and the leaf surface (given by θA and θR) and can be used in developing
a theoretical retention formula. As has been indicated above, the benefit
of the formula is that Hγ can be found from one experiment at one leaf
angle and then the formula can be used at other leaf angles. Many of
the physical characteristics of the leaf (wettability, roughness etc.) are
incorporated in this constant Hγ and hence do not need to be measured.
This constant varies from leaf type to leaf type so each leaf type needs
a different experiment but only at one angle.

θR

θA

Figure 11. Schematic diagram of a drop sliding down a surface showing the advanc-
ing angle (θA) and the receding angle (θR).

4.4. Spray retention

Using (18) and following Furmidge [10] a retention formula can be
derived for a continuous steady spray onto a leaf up to the point of loss
of retention as

R = k

√

(

πγ(cos θR − cos θA)

24ρg sinα

)

√

(

(1 − cos θA)2(2 + cos θA)

sin3 θA

)

. (19)

where k depends upon the spray droplet spectrum and is approximately
constant for most spray/surface combinations [10]. The equation shows
that retention is governed by the surface tension of the spray fluid, the
difference of the advancing and receding contact angles and the value of
the advancing contact angle of the sprayed liquid on the solid surface.
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Figure 12 shows a comparison of the retention of water on to two different
surfaces (differentiated by having different θA and θR) as the angle of
the leaf (α) is varied.
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Figure 12. Changes in theoretical retention for water on two different surfaces with
varying angle of tilt.

By defining θM as the arithmetic mean of θA and θR, a retention factor
is derived which can predict with reasonable accuracy the relative order
of retention found in practice as

F = θM

√

γ(cos θR − cos θA)/ρ. (20)

This formula is not a measure of the absolute retention onto a leaf surface
but is rather used to rank different formulations. A larger F means that
the particular combination of formulation (given by γ and ρ) and leaf
type (given by θA, θR and θM ) will retain more spray than another
combination with a smaller F . The power of this approach is that very
small numbers of experiments need to be undertaken to be able to rank
the retention capabilities of different formulations on different leaves,
with few physical parameters required. The details of this and how it is
implemented in their experimental retention work is left to the industry
partner.
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5. Plant Canopy Models

5.1. Introduction

Ray-tracing models can be used to estimate droplet retention. A basic
two-dimensional model using L-systems to represent branches and with
a separate model for leaves is described here.

Some more sophisticated versions of this approach have already been
developed [20]. These systems are also being used to determine rain-
fall inception and subsequent water infiltration and run-off in soils [4].
Within Australia, a report of work done by the Centre for Plant Archi-
tecture at the University of Queensland, [5], and [7] shows how L-systems
are being used to model various plant structures.

5.2. Branch model using L-systems

L-systems originated with A. Lindenmayer [12] for modelling multicel-
lular organisms that form branching filaments. L-systems are recursive
representations which involve a series of symbols for graphical instruc-
tions for drawing the branch structure. As an example, we consider the
following string:

F [+G][−G]F [+G][−G]FG (21)

Here F and G correspond to line segments, of different lengths, + means
turn by an angle θ and − means turn by an angle −θ. The [ ] no-
tation indicates a specific branch; when that branch is drawn you re-
turn to the original coordinate. An example of the structure drawn by
these commands is shown in Figure 13. In this example length(F ) = 1,
length(G) = 2, and θ = 27.5◦.

An iterative rule is defined, which is then applied recursively. For
example, consider the rule

F → FF (22)

G→ F [+G][−G]F [+G][−G]FG (23)

Applying this rule once recursively to equation (21) gives the more com-
plicated drawing instruction

FF [+F [+G][−G]F [+G][−G]FG][−F [+G][−G]F [+G][−G]FG]
FF [+F [+G][−G]F [+G][−G]FG][−F [+G][−G]F [+G][−G]FG]F
FF [+G][−G]F [+G][−G]FG

with the graphical representation shown in Figure 13. A variety of
branching structures can be obtained by changing the string, the rules
and the number of recursion steps.
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Figure 13. On the left, the graphic defined by the string F [+G][−G]F [+G][−G]FG
which corresponds to one application of the rule. Here F (blue) and G (red) corre-
spond to line segments of length 1 and 2, respectively, and in both cases with the
angle θ = 27.5◦. On the right is the graphic obtained by applying the rules (22,23)
once recursively.

5.3. Leaf model

To be able to model retention leaves need to be placed on the branches.
In modelling real plant structures this is done in such a way as to mimic
the plant leaf characteristics such as angle, size, clumping, etc. For
the sake of simplicity, here, in this two-dimensional model, leaves are
modelled as planes with a random orientation to the horizontal. These
orientations are chosen from a uniform distribution between angles of
±α. In Figure 14, a graphical representation of the leaves and branches
is shown with α = 45◦.

Figure 14. A model of a plant canopy including leaves modelled as planes with an
orientation chosen randomly from a uniform distribution between the angles of ±45◦

to the horizontal.
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5.4. Ray tracing analysis

To investigate droplet retention we employ a ray-tracing approach. As
a first model, we assume the droplet falls vertically and if the droplet
path intersects with a leaf then it is retained by the leaf. This is easily
implemented in a Matlab computer program.

In Figure 15, the percentage retention of droplets is shown for a se-
quence of realisations of the model with increasing leaf size. Generally, as
the leaf size increases the overall droplet retention percentage increases
towards 100%. Note that, because of the random distribution of leaf ori-
entations in each realisation, it is possible for a small increase of leaf size
in the model to correspond to a small decrease of retention percentage
in the realisation of the model. Also shown is the percentage retention
of the plant canopy assuming that each individual leaf only retains 75%
of the droplets which impact upon its surface.
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Figure 15. Percentage droplet retention for the whole branch and leaf model of
Figure 14 as the leaf length is increased. The upper line assumes 100% retention
while the lower line assumes 75% retention for each impact on an individual leaf.

The model described here is clearly simplistic, but it does illustrate
a general approach which may be developed further. In particular the
model may be extended to three dimensions [22] and more realistic leaf
models can be incorporated [20]. The conclusions of the earlier work on
droplet adhesion, bounce, shatter and retention on individual leaves can
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be incorporated. For example, the droplet retention probability could
depend on the amount of droplets already retained.

6. Stochastic Models

6.1. Introduction

The ultimate aim of this project is to have a comprehensive model
that enables the prediction of spray retention on plant leaves when given
inputs such as the formulation used, the spray nozzle (droplet and veloc-
ity distribution) and type of crop. By compartmentalising each physical
process, as outlined in the sections above, this is possible. We have de-
veloped models for the spray trajectory, the impaction on the leaf, the
retention and the canopy structure. Each of these sections can be val-
idated by experimental work and refined as the individual models are
improved. In this section the elements discussed in the previous sections
are combined in a stochastic model to give an indication as to how this
type of comprehensive model may be progressed. The work presented
below is not the definitive model as that is beyond the scope of the cur-
rent project, rather it is an indication of the direction in which these
types of models can be developed.

6.2. A first simple model

The following model considers each droplet individually through a
number of decisions as to the droplet’s fate. Firstly, given a droplet’s
size and velocity as it leaves the spray nozzle, its velocity at the canopy
can be derived from Section 2. The decision is then whether the droplet
will hit a leaf or miss. This occurs with probability, P , depending on the
structure of the canopy. This probability can be derived from Section 5
type models. For the sake of this example, if the droplet does hit the leaf,
the angle, θ, it strikes its surface is randomly sampled from a normal
distribution with mean 45◦ and standard deviation of 10◦ (samples are
rejected if θ > 90 or θ < 0), that is the spray is incoming at an angle of
approximately 45◦ to the leaf. In general the angle of incidence can be
determined from the droplet’s trajectory and from the canopy models
that give the leaf angles for each different crop type.

The next decision is whether the droplet shatters, adheres or bounces
on impact with the leaf. This is determined by the collision models
developed in Section 3. The effect of run-off considered in Section 4.1
could also be incorporated at this stage, although it is not included in
this first simple model. Here shattered droplets are assumed to be re-
tained, as the resulting smaller droplets will stick to any leaf they come
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into contact with. If the droplet does not shatter it either sticks to the
leaf and is retained or it bounces. If a droplet bounces then it may
be captured by either landing on the same leaf again, with probability
1−P (bounce), or by bouncing off the leaf and hitting another with the
same probability, P , as in the initial decision. Actually, the true proba-
bility, P ′, will be less than P as the droplet has already passed partially
through the canopy. Here any droplet that bounces and hits another
leaf is assumed to be retained as its velocity will have been substantially
reduced by the initial collision. This is validated by Figure 7 where the
energy of droplets that bounce off is seen to be substantially reduced
so that they do not have enough energy to bounce off a subsequent leaf
they may impact upon. This decision process is shown schematically in
Figure 16.

These types of models can be run numerous times with the stochastic
nature being realised in the distributions of the leaves in the canopy
models and the incoming spray trajectory. Typical capture results for
this type of model are shown in Figure 17. In this illustration the model
has been run 100000 times with 1000 different droplets each time and
the capture count of each droplet size determined. When the method
is fully implemented these types of figures will be useful in showing the
optimal droplet size distribution to use in a given scenario. The spray
operator would then be able to choose their sprayer to operate in this
region.

Ultimately it is possible to develop software that incorporates each of
these compartment models into a comprehensive spray retention model.
By doing this in a modular fashion each component can be individually
validated experimentally and improved upon as better component mod-
els are developed. It should be reiterated here that this model is not a
definitive retention model at this stage but rather an example of how
such models can be constructed and assembled in the future.

7. Conclusion

In the course of this project the MISG group reduced the process of
spray retention on plants into a number of sub problems. Each of these
was successfully tackled. Methods for determining the trajectory of the
spray from the nozzle to the plant have been described, and these can be
used as input into future plant canopy interception models. For the range
of droplet sizes and velocities under consideration, it was shown that the
inertia effects are not important, and that the majority of droplets will
impact upon a leaf if it is upon their trajectory. Detailed models for the
bounce, shatter or retention of droplets as they impact on a leaf surface



82

N drops

1 − P P

Miss Hit
Leaf angle
θ ∼ N (µ, σ)

Section 3.3 Section 3.3 Section 3.4

Bounce

1 − P (bounce)P (bounce)

Stick Shatter

off leaf

P ′1 − P ′

on leaf

Lost Captured

Figure 16. A schematic of the stochastic model. N droplets go through a number
of decisions to decide whether they are captured or lost. The probability of an initial
hit, P , can be derived from Section 5 type models and the probability of bouncing
off the leaf is P (bounce) = min(1, 4|v|2 sin θ/Lg), where L is leaf length, g is gravity
and v terminal velocity.
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Figure 17. A sample capture result from running a typical model 100000 times with
1000 different drops.

were developed. Parameters of interest include the surface tension of
the droplets, the surface roughness, the droplet size and velocity and
the droplet contact angles. The industry partner is undertaking further
research in this area. It has recently purchased equipment to measure
droplet contact angles and is conducting experiments to validate some
of the theoretical calculations. The MISG group investigated run off
models and a means of ranking different formulations was determined.
A preliminary investigation into plant canopy models and simulations
of the interception of plants using the other models listed above was
undertaken.
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