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Abstract 

 

Experimental investigation of spray droplets impacting on different surfaces (viz. cabbage, 

Teflon, leek, apple and pear) was performed with the aim of a high speed camera. Droplets of 

water or the pesticide Plant Invigorator (2 ml/l) were produced with agricultural nozzles (viz. 

teejet XR 11001VS, 11004VS, 11008VS and AI11008VS) moving at an application speed of 

2 m/s. The droplets were visualised just before impact on the surface and their diameter and 

velocity was measured. The corresponding Weber numbers ( ) were 

calculated. It is the ratio of kinetic energy to surface energy of the droplet which are both 

important factors in the spreading and relaxation phases of the impact process. During the 

spreading phase, kinetic energy governs the spreading of the droplet while a large surface 

tension induces recoil at the end of the spreading phase. During the relaxation phase, the 

droplet recoil is driven by the surface tension but an excess in kinetic energy at the end of the 

relaxation phase makes the droplet rebound. The outcome of the droplet impact (viz. 

adherence, rebound and splash) corresponds to specific ranges of Weber numbers.  

Surface roughness is another determining factor for droplet impact. Rough surfaces favour 

splashing and rebound at the expense of adherence. Cabbage and Teflon have rough 

superhydrophobic surfaces with a large static contact angle ( 140°), leek is hydrophobic 

and less rough than cabbage ( 120°) and apple and pear have smooth hydrophilic surfaces 

( 60°).  

For each combination of surface and spray liquid, the critical Weber numbers for 

adherence/rebound transition and rebound/splash transition were determined. For smooth 

surfaces the critical Weber numbers are larger and the droplets need more energy to resist 

adhesion and to govern rebound and splash. On rough surfaces less energetic droplets already 

rebound or splash and the corresponding critical Weber numbers are smaller. A decrease of 

surface tension of the fluid increases the upper critical Weber (rebound/splash) number with 

the same magnitude. The lower critical Weber number (adherence/rebound) is increased with 

factor 40 or can be absent. Increasing the surface tension decreases the amount of rebounding 

droplets tremendously.   
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The droplet spectra of the different nozzles were measured using Phase Doppler Particle 

Analysis and were compared to the critical Weber numbers we found for each surface. The 

spray volume percentage corresponding to each impact type was calculated in order to 

interpret the efficiency of the nozzles on the surfaces. These percentages are compared to the 

results of a deposition test in which the deposition of the spray of the different nozzles on the 

surfaces was measured. The deposition percentages are much larger than the predicted spray 

volume percentages of adherence which means that a part of the rebounding and splashing 

droplets will also adhere to the surface in the end.  
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Samenvatting 

 

Experimenteel onderzoek naar de impact van druppels op verschillende oppervlakken (nl. 

kool, Teflon, prei, appel en peer) werd gedaan met behulp van een snelle beeldcamera. Teejet 

XR spuitdoppen (nl. 11001VS, 11004VS, 11008VS en AI11008VS) die bewegen aan een 

snelheid van 2 m/s produceerden waterdruppels of druppels met pesticide Plant Invigorator (2 

ml/l). Video’s werden gemaakt net voor de druppels contact maakten met het oppervlak. Op 

deze video’s werden de diameter en snelheid van de druppels gemeten en daarmee werd het 

Weber getal berekend ( ). Dit is de verhouding van de kinetische energie tot de 

oppervlaktespanning van de druppel. Beiden zijn belangrijke factoren wat betreft 

druppelimpact. Druppels spreiden open onder invloed van de kinetische energie. Op het einde 

van de spreidingsfase zorgt de oppervlaktespanning voor het samentrekken van de druppel. 

Indien de druppel na het samentrekken nog voldoende kinetische energie over heeft kan hij 

opbotsen van het oppervlak weg. Er zijn drie mogelijke uitkomsten voor de impact van 

druppels (nl. ‘adhesie’, ‘opbotsen’ en ‘openspatten’) en deze zijn gerelateerd met specifieke 

Weber getallen. 

Naast kinetische energie en oppervlaktespanning speelt ook de ruwheid van het oppervlak een 

belangrijke rol in de druppelimpact. Hoe ruwer het oppervlak, hoe minder adhesie en hoe 

meer de druppels openspatten en opbotsen. Kool en teflon hebben ruwe, superhydrofobe 

oppervlakken en vertonen een grote statische contacthoek ( 140°), prei is hydrofoob en 

minder ruw dan kool ( 120°) en appel en peer hebben gladde hydrofiele oppervlakken 

( 60°).  

Voor iedere combinatie van oppervlak en product werden de kritische Weber getallen 

berekend die de overgang van adhesie naar opbotsen en van opbotsen naar openspatten 

aanduiden. Deze zijn afhankelijk van het oppervlak. Ze liggen hoger in het geval van gladde 

oppervlakken. Druppels die terechtkomen op gladde oppervlakken hebben meer energie nodig 

om de adhesie te overwinnen en te kunnen opbotsen of wegspatten. Op ruwe oppervlakken 

kunnen druppels met een lage kinetische energie en dus Weber getal reeds openspatten. Een 

daling in de oppervlaktespanning van de druppels zorgt voor een evenredige stijging van het 

kritisch Weber getal voor openspatten maar voor een meer dan evenredige stijging (tot 40x) 

van het kritisch Weber getal voor opbotsen. Een daling van oppervlaktespanning zorgt voor 

een enorme reductie van de hoeveelheid opbotsende druppels.  
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Het druppelspectrum van de verschillende spuitdoppen werd opgemeten met PDPA. Aan de 

hand van deze druppelspectra en de kritische Weber getallen werd voor elke combinatie van 

dop en oppervlak het percentage van het spuitvolume dat tot iedere impactklasse behoort, 

berekend. Op basis hiervan kan voor ieder oppervlak de efficiëntie van de verschillende 

doppen bepaald worden. Deze percentages worden vergeleken met de depositiepercentages 

die bepaald werden door te spuiten met een fluorescent product.  De depositiepercentages 

liggen een stuk hoger wat betekent dat een deel van de druppels die in eerste instantie 

opbotsen of wegspatten toch nog op het oppervlak terechtkomen.  
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1 Introduction 

1.1 Problem statement 

In all crop production systems, from arable cropping to horticulture, from outdoor to 

glasshouse production and from conventional to biological cropping, plants are attacked by 

pests and diseases. Plant protection is required when trying to achieve the maximum potential 

production. Due to the huge amount of attackers, and the increasing problem of disease 

resistance to crop protection products, it is important to optimise the application efficiency 

and the efficacy of the product. Some pesticides can be damaging for the environment, 

especially when they are used more than necessary. So in view of the environment, it is also 

advantageous to optimise biological efficiency of the pesticide application. During the last 

decades, technical innovations already increased the efficiency of plant protection. Improved 

spray application equipment, more attention to prevent point source pollution and more 

environmentally friendly products and spray methods are only a few examples. These 

methods serve to reduce the amount of pesticides that enter the soil, the watercourses and the 

atmosphere. But a large unknown factor is what happens with the spray volume reaching the 

plant. Is it actually retained by the plant? And how large is the possible loss factor at the level 

of the leaves?  

1.2 Objectives of the thesis 

The main scope of this thesis is the investigation of droplet impact on surfaces. First, there is 

tried to get a better insight in the droplet dynamics by studying the literature extensively. The 

behaviour of droplets on a surface is studied and the factors determining whether a droplet 

will be retained on the surface or not are elaborated. The possible outcomes of the impact 

process are given together with the implementation  for the pesticide application efficiency. 

In the second part of this thesis the impact of the droplets produced with agricultural spray 

nozzles on specific surfaces are studied with a high speed camera. The droplets are classified 

into one of the three impact types: ‘adherence’, ‘rebound’ or ‘splash’. By considering the total 

droplet spectrum of the nozzles, conclusions about the spray volume of a nozzle belonging to 
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each impact category can be made. It can be very useful to find for each surface the nozzle 

with the largest spray volume percentage of adhering droplets. The ability to make this 

distinction between different surfaces makes it possible to adjust the spray application to the 

crop. By using the nozzle that gives the largest percentage of depositing droplets for a specific 

crop, the overall efficiency of the spray process can be optimised.  
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2 Literature review 

 

This chapter discusses the state of the art of droplet impact during spraying of crops. The 

entire spray application process can be divided into several steps which together form the 

‘delivery chain’ (Matthews, 2000) (Fig. 2. 1). Each step of the chain can be optimised 

resulting in an increase of the overall pesticide efficacy and efficiency. This thesis deals with 

three important steps of the delivery chain i.e. atomisation, impaction and retention, with 

emphasis on impaction. First, the steps of the spray process are described (see 2.1). Second, 

the droplet physics are studied to understand the dynamics of droplet impact (See 2.2). Based 

on the droplet dynamics, the different types of impact are classified. Both fluid and surface 

characteristics are taken into account to examine their influence on impinging droplets. 

Finally, conclusions are formulated (see 2.3). 

 

Fig. 2. 1: Delivery chain of the spray application process (Matthews, 2000). 
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2.1 Steps in the spraying process 

2.1.1 Spray tank 

The first step in crop protection is producing the correct spray liquid formulation. It is very 

important that the spray solution is mixed sufficiently before starting the application. With an 

inhomogeneous solution, a good, homogeneous application cannot be reached. The 

homogeneity of the solution is not only determined by good mixing practice, it also depends 

on the characteristics of the solvent. Certain products dissolve better in water than others. 

Two categories of adjuvants can be distinguished: the water soluble adjuvants, which create a 

homogeneous spray, and the inhomogeneous emulsions (Miller and Butler Ellis, 2000). 

Compared to water, these adjuvants influence the liquid sheet formation and droplet 

characteristics, which is described in section 2.1.2 (Butler Ellis and Tuck, 1999). This is 

important for crop protection since pesticides always contain adjuvants and other chemicals to 

increase their efficiency (Butler Ellis et al., 1996). 

Another consequence of the presence of adjuvants in a spray is the shift in the elliptical spray 

pattern of the flat fan nozzles. For emulsifiable adjuvants, the short axis becomes longer and 

the long axis becomes shorter (Butler Ellis et al., 1996). For soluble adjuvants, the short axis 

shortens and the long axis lengthens.   

2.1.2 Atomisation 

2.1.2.1 Disintegration of a liquid sheet 

In pesticide spray applications the spray tank solution is forced under high pressure through 

the small orifice of a nozzle, resulting in a thin liquid sheet which becomes unstable and 

disintegrates into droplets of different sizes and velocities (Matthews, 2000). Pressure is 

needed to overcome the surface tension forces that keep the liquid jet intact and to cause the 

formation of the sheet (Lefebvre, 1989). When the aerodynamic forces acting on the liquid 

sheet become larger than the surface tension forces, the sheet starts to disintegrate (Lin and 

Reitz, 1998). Dombrowski and Fraser (1954) cited by Lefebvre (1989), Butler Ellis and Tuck 

(1999) and Matthews (2000) demonstrated three mechanisms of sheet disintegration: by 

perforation, by oscillation and by rim disintegration. The kind of disintegration depends on 
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the relative velocity of the liquid and the surrounding air. A large relative velocity can be 

caused by fast droplets that move in still air or by droplets with a low velocity moving in high 

velocity airflow (Lefebvre, 1989). Consider a liquid jet in still air. At relatively low liquid 

velocities, the liquid sheet is perforated leading to growing interruptions in the sheet and 

separated droplets (Miller and Butler Ellis, 2000). At higher velocities, wave phenomena 

occur in the sheet which lead to disintegration. At the end of the liquid sheet, a jet-like, torus 

shaped structure is separated from the sheet and disintegrates into droplets (Fig. 2. 2) (Bayvel 

and Orzechowski, 1993). The last kind of sheet break-up is rim disintegration which occurs 

when both surface tension and viscosity are high (Lefebvre, 1989). Surface tension can act 

upon the edges of the liquid sheet and contract them into a rim. A jet-like structure is formed 

and disintegrates into droplets (Lefebvre, 1989).  

 

Fig. 2. 2: Sheet break-up by rim disintegration (left), sheet perforation (middle) and wave phenomena 

(Matthews, 2000). 

The moment of sheet break-up determines the size of the droplets. A sheet breaking up early 

is still thick and thus produces large droplets. A sheet that breaks up at a greater distance from 

the nozzle orifice is thinner and produces smaller droplets (Butler Ellis and Tuck, 1999; 

Miller and Butler Ellis, 2000). At very high velocities, a liquid sheet is not formed. Droplets 

are directly formed at the nozzle outlet and a very fine fog is produced (Bayvel and 

Orzechowski, 1993).  

The mechanism of sheet disintegration does not depend on the nozzle type but is determined 

by velocity and the fluid characteristics, e.g., surface tension and viscosity (Butler Ellis and 

Tuck, 1999). Increasing values of both properties lead to a longer sheet and thus smaller 

droplets (Butler Ellis et al., 1996). Increased surface tension draws the edges of the liquid 

sheet to the centre by which the top angle of the sheet decreases. The volume is compacted at 

the new edges causing a smaller volume in the centre and a larger volume at the edges (Butler 
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Ellis et al., 1996). The surface tension is controlled by the presence of adjuvants. For standard 

flat fan nozzles, emulsions in water make the liquid sheet disintegrate faster, via perforations, 

and produce larger and faster droplets, compared to water. The opposite is true for water 

soluble adjuvants, they create a larger liquid sheet which disintegrates by wave phenomena 

(Butler Ellis and Tuck, 1999). The volume mean diameter (VMD) of a spray consisting water 

soluble adjuvants is smaller than the one of pure water and the VMD of pure water is smaller 

than the one of an emulsion (Miller and Butler Ellis, 2000). Things are different for air 

inclusion nozzles, of which the liquid sheet is already shorter than for standard flat fan 

nozzles. Due to the presence of the air bubbles, inhomogeneous sprays produce smaller 

droplets and homogeneous sprays produce larger droplets compared to water (Miller and 

Butler Ellis, 2000).  

2.1.2.2 Droplet size spectrum determined by nozzle type, nozzle size and spray 

pressure 

The efficacy of pesticides can be increased by manipulating the droplet size spectrum. Small 

droplets show a more homogenous distribution of the active ingredient on the leaves, but they 

are much more sensitive to drift and evaporation than larger droplets (Butler Ellis et al., 2004 

and Yu et al., 2009). For a given formulation, the droplet size and velocity spectrum is 

determined by the nozzle type, the nozzle size and the spray pressure (Nuyttens et al., 2009).  

The standard flat fan nozzle is the most commonly used nozzle for field applications (85% of 

the cases) (Nuyttens et al., 2004). The spray pattern is elliptical delivering the highest amount 

of spray volume in the centre and lower spray volumes at the boundaries. Therefore, in 

practice, it is important to create a good spray overlap in order to obtain 100% homogeneous 

coverage of the field (Faqiri and Krishnan, 2005). The spray width of the elliptical spray 

pattern  depends on the top angle and the spray height (Faqiri and Krishnan, 2005). The most 

commonly used top angle is 110°. Corresponding with a boom height of 50 cm and an inter-

nozzle distance of 50 cm, a uniform spray pattern is produced (Nuyttens et al., 2004). Nozzles 

with a smaller top angle require a larger spray height or smaller nozzle distance to ensure a 

complete spray overlap (Nuyttens et al., 2004).  

Air inclusion nozzles produce, at the same pressure and size, a coarser droplet spectrum 

because of a difference in the construction of the nozzle and the entrained air. The nozzles 

have an air inlet so that a venture action of liquid through the nozzle sucks in air (Matthews, 
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2000). Air bubbles are enclosed in the droplets causing the production of larger droplets than 

for standard flat fan nozzles (Nuyttens et al., 2009). So because of the reduced density and the 

lower ejection velocity, the velocity of the droplet is lower (Nuyttens et al., 2007). At impact, 

these air containing droplets have more tendency to shatter into smaller droplets and thus 

provide quite a good distribution on the leaf (Nuyttens et al., 2004).  

Nozzle size also defines the droplet diameter spectrum. The nozzle size is indicated by a 

number that refers to the ISO size established by the International Organisation for 

Standardization. The higher the number, the larger the orifice and the larger the droplets in the 

spectrum (Nuyttens et al., 2007).  

Next to the nozzle properties, spray pressure also affects the droplet size and velocity 

spectrum (Nuyttens et al., 2007). In general, a higher pressure produces smaller droplets with 

higher velocities (Nuyttens et al., 2009).  

Choosing the correct combination of nozzle type, size and pressure can improve the biological 

efficiency of a spray application significantly (Nuyttens  et al., 2007).   

2.1.3 Impaction 

Atomised droplets fall under gravity and their velocity is reduced by aerodynamic drag forces 

(Gossen et al., 2008). At a certain moment, the aerodynamic drag forces will equal the 

gravitational forces and the droplet will reach a constant velocity, called the sedimentation 

velocity (Nuyttens et al., 2009). The distance the atomised droplet has travelled before 

reaching the sedimentation velocity is called the stopping distance (Nuyttens et al., 2009). It is 

given by Bache and Johnstone (1992) cited by Nuyttens et al. (2009) as 

 

With  the velocity at the nozzle exit (m/s),  the droplet diameter (m),  the droplet 

density (kg/m³),  the density of air (kg/m³) and  the kinematic viscosity of air (m²/s).  

Before impaction can occur, the surface needs to be able to capture the droplets (Matthews, 

2000). In the absence of an airstream relative to the target, every droplet that is falling will 

impact on the surface (Spillman, 1984). A target in an airstream is surrounded by air currents, 

which are deflected at the surface. Small droplets which have a low settling velocity and a 
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short stopping distance (eq. 2.1) are caught by the air flow and do not have the energy to resist 

rapid changes in the direction of the air currents (Spillman, 1984). Hereby, the droplets follow 

the deflection of the air currents at the surface and impaction is hindered (Matthews, 2000) 

(Fig. 2. 3a). Large droplets with a large sedimentation velocity do not reach the stopping 

distance before hitting the surface (Nuyttens et al., 2009) and are able to resist the deflection 

of the airstream and impact on the surface (Spillman, 1984) (Fig. 2. 3b).  

 

Fig. 2. 3: Droplet trajectories upstream of a 10 mm diameter cylinder in a 4 m/s airstream: (a), small droplets 

enclosed in the airstream deflecting at the surface; (b), large droplets impacting on the surface (Matthews, 2000). 

As visualised in Fig. 2. 3a, the air currents are compressed at deflection which causes an 

increase in the velocity of the airstream and the velocity of the droplets caught in the 

airstream (Matthews, 2000). The faster the acceleration of the air currents at the surface, the 

more a droplet can resist the changing direction of the air currents (Spillman, 1984). 

According to Spillman (1984), the acceleration of air currents is faster for smaller target 

surfaces. So the impact efficiency (which is the ratio of the number of droplets impinging at 

the surface to the number which would impinge in absence of an air flow relative to the 

surface) is reduced by larger surfaces and enhanced by larger droplets (Matthews, 2000) (Fig. 

2. 4). The presence of hairs, spikes and trichomes on plant leaves increases the impact 

efficiency tremendous (Spillman, 1984). Due to the variability of plant leaf surfaces, there is a 

lot of variation in the impact efficiency between and within the species (Spillman, 1984).  
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Fig. 2. 4: Theoretical deposit of different droplet sizes on two objects. One with diameter 3 mm (full line) and 

one with diameter 13 mm (dotted line) (Matthews, 2000). 

Depending on spray and surface properties, a droplet can impact on its target in different 

ways. The droplet can either bounce, shatter or adhere. Droplet impact is discussed in detail in 

section 2.2.  

2.1.4 Retention 

Once the droplets are deposited on the leaves, they need to stay on the leaf surface. Retention 

is, on the one hand, determined by weather conditions, plant surfaces and architecture (Gaskin 

et al., 2000). On the other hand, it is also determined by droplet characteristics and adjuvants 

(Gossen et al., 2008). Increasing adherence and spreading of the droplets improves retention 

(Auweter et al., 2010). The most problematic plant parts in terms of retention are the vertical 

and hydrophobic ones. Droplets have the tendency to slide off the surface. If droplet 

adherence is not large enough, weather conditions and plant architecture can cause run-off of 

the product which results in lower efficiency and environmental pollution (Gaskin et al., 2000 

and Matthews, 2000).  

2.1.5 Deposit formation 

The last step in the delivery chain is deposit formation on the target site. This is different for 

systemic and contact pesticides. Systemic pesticides need to be taken up by the leaves and 

transported to other parts of the plant that need protection. A homogeneous coverage of the 

leaf with systemic product is not that important and larger droplets can be used to reduce 
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losses by drift (Gossen et al., 2008 and Auweter et al., 2010). Whereas, contact pesticides 

cannot move through leaf tissue at all (Gossen et al., 2008). A homogeneous distribution of 

these products on both sides of the leaves is essential to combat the infection (Auweter et al., 

2010). In this case, small droplets are necessary (Gossen et al., 2008). Contact pesticides need 

to be applied on the right tissue in the right quantity, which can be difficult to fulfill. The most 

vulnerable plant parts tend to be the ones that are hard to reach by spraying. For example, the 

bottom plant parts are more vulnerable to fungal infection because of the longer period of leaf 

wetness. Also vertical leaves are more vulnerable for attack of diseases and pests, and again it 

is difficult to cover a vertical surface by spraying (Gossen et al., 2008).  

Even if the right tissues are covered with pesticides, different factors still can counteract the 

absorption. The evaporation time of the droplets needs to be long enough to ensure pesticide 

efficacy (Yu et al., 2009 and Xu et al., 2010). Both systemic and contact pesticides need to 

stay on the leaf for a certain period. In case of systemic pesticides, time is needed for the 

leaves to take up the active ingredient. Contact pesticides must be kept on the leaf to enable 

protection against attackers. The evaporation time is determined by droplet and surface 

characteristics and by weather conditions (Matthews, 2000). These are not elaborated here 

because it has nothing to do with the impact of droplets. 

So, increasing retention will not automatically lead to a better control of pests and diseases. 

Uptake and translocation, which depends on different factors, also needs to be optimised 

(Gossen et al., 2008).  

2.2 Droplet impact 

After a droplet is atomised it flows in the air and it is exposed to aerodynamic forces (Bayvel 

and Orzechowski, 1993). The forces acting on the droplet in the air flow determine the inertial 

characteristics and influence the behaviour of the droplet at impact. According to Rioboo et 

al. (2002), the impact process of a droplet onto a surface can be divided into four phases, i.e., 

the kinematic phase, the spreading phase, the relaxation phase and the equilibrium phase.  

In this section, the main emphasis is on the droplet characteristics and droplet dynamics. 

External influences like wind, airstream and evaporation are not taken into account to classify 

droplet dynamics. Their influence is already mentioned in the previous section.  
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2.2.1 Characteristics of droplets  during impact 

Before impact, the moving droplet contains an amount of kinetic energy that is depending on 

its mass and velocity (eq. 2.2) (Reyssat et al., 2006): 

 

with  (kg/m³) the density of the fluid,  (m) the diameter of the droplet and  (m/s)  the 

velocity of the droplet at impact.  

Due to the deformation of the droplet, a part of the kinetic energy of the droplet is transferred 

into surface energy (eq. 2.3) (Yarin, 2006). The surface energy is the energy stored in the 

surface of a droplet while undergoing an action that changes the arrangement of the surface 

(e.g., deformation, spreading, recoil) (Reyssat et al., 2006). For the initial spherical droplet, 

the surface energy can be calculated as follows: 

  

with   (N/m) the surface tension of the fluid and  (m) the initial diameter of the droplet 

(Roisman et al., 2002).  

The balance between the above droplet energies can be used to classify droplets. The impact 

characteristics of the droplets are then described by the Weber number (eq. 2.4). It is the ratio 

of kinetic energy to surface energy of the droplet (Reyssat et al., 2006).   

 

Where   (kg/m³) is the density of the liquid,  (m) is the diameter of the droplet,  (m/s)  is 

the impact velocity of the droplet and  (N/m) is the surface tension of the fluid. The Weber 

number is used by Cossali et al. (1997), Clanet et al. (2004), Šikalo et al. (2005 a), Vander 

Wal et al. (2006), and others to classify droplet impact and behaviour and to compare the 

results of impact of different systems. Rioboo et al. (2008) used the Weber number to 

determine the transition between adherence, rebound and splash. On a certain surface, each 

transition is correlated with a specific value of Weber number. For example, at an isotactic 

polypropylene superhydrophobic surface, the critical Weber number for splash was set at 60. 

Droplets with a higher Weber number will splash. A Weber number of 0.2 correlated with the 
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adherence/rebound transition. So droplets with a Weber number below 0.2 will adhere and 

droplets with a Weber number between 0.2 and 60 will rebound (Rioboo et al., 2008). 

The process of impact is also characterised by the Reynolds number, the proportion of inertial 

to viscous forces: 

 

With  (kg/m³) the density of the liquid,  (m) the diameter of the droplet,  (m/s) the 

impact velocity of the droplet and  (kg/m·s) the dynamic viscosity of the liquid. Gravity 

influences the impact of the drop if the Bond number ( ) is of order unity or 

larger, with g (m/s²) the gravitational acceleration (Roisman et al., 2002). In spray 

applications with water droplets of 10 to 1000 micron and impact velocities from 0.01 to 10 

m/s, the Bond number is always smaller than 1 and hence not important for spray applications 

with ISO 01 to ISO 08 nozzles.  

In Table 2. 1, for typical ranges of droplet diameter and impact velocity, We and Re are given 

for water. Surface tension and viscosity appear to dominate kinetic energy and inertia in the 

smaller range of drop sizes in combination with low velocities (We < 1, Re < 1). When the 

velocity is high, regardless of drop size, kinetic energy and inertia dominate (We >1, Re > 1). 

Large drops with low velocity are dominated by surface tension (We < 1) but not by viscosity 

(Re > 1). Actually, for all cases, We/Re < 1, thus surface tension will always be more 

important than viscosity. Probably it thus suffices to use We as a characteristic number of the 

impact process. Wu (1992) cited by Range and Feuillebois (1998) already showed that for 

small Ohnesorge numbers (eq. 2.6) the critical Weber number for splashing is independent of 

the viscosity.  
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Table 2. 1: Typical Weber and Reynolds number of impacting water droplets (  = 0.073 N/m,  = 1000 kg /m³ 

and  = 0.001 kg/(m·s) ). 

D0 (µm) V0 (m/s) We Re We/Re  

10 0.01 0.0000137 0.1 0.000137 0.0370 

1000 0.01 0.00137 10 0.000137 0.00370 

10 10 13.7 100 0.137 0.0370 

1000 10 1370 10000 0.137 0.00370 

 

Actually, the impact process is more complex than that, involving other forces. This is shown 

by the analysis of Roisman et al. (2002) who considered momentum and energy balances to 

predict droplet shape and velocity during the impact without splashing, where viscosity and 

surface drag become important. 

During the initial phase of the impact process, the total energy balance of the droplet reads 

(Roisman et al., 2002): 

 

with  the initial kinetic energy,  the initial surface energy,  the kinetic energy at time 

t and  the surface energy at time t.  is the energy loss due to viscous dissipation and  

is the work performed by the radial forces applied from the wall to deform the droplet against 

the viscosity (Roisman et al., 2002). There is no energy loss by heat because the impact 

process is adiabatic which means that there is no heat exchange between the droplet and the 

surface (Šikalo et al., 2002). These terms have been further elaborated by Roisman et al. 

(2002)  

A parameter that is important during the different phases of impact is the contact angle (eq. 

2.8). It is the angle between the liquid-solid interface and the liquid-vapour interface. The 

contact angle directly affects  in eq. 2.7 (Roisman et al., 2002).  Young (1805) cited by 

Quéré (2005) defined it as 

 

with  the solid-vapour interfacial energy (also the surface energy),  the solid-liquid 

interfacial energy and  the surface tension of the liquid-vapour interface (Quéré, 2005 and 

Šikalo et al., 2005 a). The Young contact angle is thus independent of the size of the droplet 
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(Quéré, 2005). The contact angle defined by Young is also called the static or equilibrium 

contact angle ( (Fig. 2. 5). During impact, the contact angle is actually not constant but 

changes according to the phase (Rioboo et al., 2002). When a droplet spreads, the contact 

line, as indicated in Fig. 2. 5, moves to the left (in the direction of the vapour) (Yarin, 2006). 

The opposite happens when the droplet recoils. Then, the contact line moves in the direction 

of the liquid. The contact angle that corresponds with the moving contact line is the dynamic 

contact angle  (Šikalo et al., 2005 a).  

 

2.2.2 Different phases of droplet impact 

For all kinds of droplets, the different phases of the impact process are correlated with a 

particular range of spreading factor  with  the maximum width of the 

droplet at time t and  the initial diameter of the droplet before impact (Rioboo et al., 2002 

and Yarin, 2006). It is logical that a droplet with a larger initial diameter can reach a larger 

maximum spread width independent of the impact velocity. By considering the non-

dimensional diameter, the spreading is not depending on the initial diameter anymore and the 

impact of droplets with different diameters can be compared. For the same reasons, the non-

dimensional height  with  the height of the droplet at time t, and  the 

initial height of the droplet), is used to describe spreading (Crooks et al., 2001). The kinetic 

and surface energy of the droplet also change during the impact as the velocity and shape of 

the droplet change (eq. 2.7). 

e 

Fig. 2. 5: Contact line and equilibrium contact angle  (Šikalo, 2005 a). 
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2.2.2.1 The kinematic phase 

The kinematic phase is the initial phase of impact. The bottom of the droplet makes contact 

with the surface and is stopped while the upper part is still moving at impact velocity. The 

droplet is compressed due to the inertial forces and takes the form of a truncated sphere 

(Rioboo et al., 2002). The non-dimensional height of the droplet is decreased (Crooks et al., 

2001). Fig. 2. 6 shows the height and diameter of an impacting droplet at a short time t after 

initial impact. Radial spreading occurs slowly and therefore the spreading factor does not 

increase significantly (Rioboo et al., 2002). The contact diameter of the liquid and the solid in 

the kinematic phase is called the advancing contact diameter Da (Rioboo et al., 2002) (Fig. 2. 

7).  

 

 

The contact angle established in the kinematic phase is called the advancing contact angle 

 (Yarin, 2006) (Fig. 2. 7).   

 

Fig. 2. 7: Receding and advancing contact angle and diameter (adapted from Rioboo et al., 2002). 

The kinematic phase is dominated by inertial forces, determined by the diameter and impact 

velocity (Šikalo et al., 2002). The viscous forces are negligible in this stadium of impact but 

become more important in the spreading phase (Pasandideh-Fard et al., 1996). So during the 

kinematic phase, the term Ed can be ignored in equation 2.7. 

Fig. 2. 6: Height and diameter of an impacting droplet at time t (Crooks et al., 2001). 
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2.2.2.2 The spreading phase 

The spreading phase begins when the liquid at the base of the droplet starts to move radial by 

the formation of lamella (Rioboo et al., 2002) (Fig. 2. 8). The contact line moves in the 

direction of the vapour (Šikalo et al., 2005 a). The spreading factor is increased and the non-

dimensional height might decrease further. The thickness of the lamella decreases and the 

surface tension causes the formation of a rim at the edge of the spreading droplet (Šikalo et 

al., 2005 a) (Fig. 2. 8). The radial velocity of the rim decreases towards the end of the 

spreading phase because surface tension and viscosity overcome the inertial forces 

(Pasandideh-Fard et al., 1996). The velocity of the lamella is not decreasing and therefore the 

rim is growing (Šikalo et al., 2005 a). So, towards the end of the spreading phase, viscosity 

and surface tension counteract the spreading process and the inertia of the droplet becomes 

very small until the spreading eventually stops and the maximum non-dimensional diameter is 

reached (Vadillo et al., 2009).  

 

Fig. 2. 8: Rim and lamella of a spreading droplet (adapted from Roisman et al., 2002). 

The contact angle decreases until maximum spread and though the receding contact angle rec 

is reached (Quéré, 2005) (Fig. 2. 7). The advancing contact angle is always larger than the 

receding one (Rioboo et al., 2002). At droplet impact, the surface on which the droplet 

impacts is still dry. When the receding contact angle is reached, the contact surface from 

which the droplet recoils is already wet. This causes a smaller contact angle ,i.e., more contact 

with the surface. The difference between the advancing and receding contact angle is the 

contact angle hysteresis and is an important parameter that influences the impact (Quéré, 

2005). It determines the ability of a droplet to stick on a surface (Koch and Barthlott, 2009). 

When the hysteresis of a droplet is too small, the droplet will have the tendency to slide 

(Quéré, 2005) (Fig. 2. 9).   
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Fig. 2. 9: Sticking and sliding of droplets in function of the equilibrium contact angle  (°) and the contact angle 

hysteresis  (°) (Quéré, 2005). 

Next to inertial forces, viscous forces are also important in the spreading phase (Šikalo et al., 

2002). While the droplet is spreading, a part of the kinetic energy is lost by viscous 

dissipation (Crease et al., 1991 and Li et al., 2010) the kinetic energy of the droplet is 

converted into internal energy (Ed in eq. 2.7) which can no longer be used for spreading 

(Khalil et al., 2002). The higher the energy loss by viscous dissipation, the smaller the 

maximum non-dimensional diameter (Šikalo et al., 2002). Since the surface of the droplet is 

increased by spreading, there is also an amount of kinetic energy transferred into surface 

energy ,i.e., potential energy (Šikalo et al., 2002 and Reyssat et al., 2006). This energy stored 

in the surface can be reused in the following phases of the impact process (Crooks et al., 

2001). At the end of the spreading phase, the droplet has lost all of its kinetic energy (Li et al., 

2010). It is completely converted into potential energy and internal energy (Pasandideh-Fard 

et al., 1996). So during spreading, the increase in contact diameter slows down till at 

maximum spread, the spreading velocity becomes zero (Vadillo et al., 2009). This results in 

the following energy balance: 

 

with the surface energy of the droplet at maximum spread diameter. 

2.2.2.3 The relaxation phase 

After reaching the maximum non-dimensional diameter and the minimum non-dimensional 

height, the droplet may start to recoil (Rioboo et al., 2002). At maximum spread, the inertial 

forces acting on the droplet are negligible in comparison with the surface tension forces 
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(Pasandideh-Fard et al., 1996). The surface tension forces minimise the free surface of the 

droplet and govern recoil (Vadillo et al., 2009). Again dissipation will occur.  

2.2.2.4 The equilibrium phase 

Some systems already reach an equilibrium during one of the previous phases and others do 

not. After the relaxation phase, the droplet might start to spread again and after a series of 

oscillations, an equilibrium state is reached. The contact diameter of the droplet lies in 

between the advancing and receding contact diameter (Vadillo et al., 2009; Rioboo et al., 

2002): 

 < <            

Other droplets do not reach an equilibrium phase and rebound or splash. 

2.2.3  Types of impact 

Depending on the behaviour of the droplet in the different phases of the impact process, the 

impact is classified as adherence, rebound, partial rebound, splash or a transition between two 

impacts (Caviezel et al., 2008). The outcome of the phases depends on the droplet 

characteristics such as diameter and velocity, the impact direction relative to the surface, the 

liquid characteristics density, viscosity and surface tension and the surface characteristics 

(Yarin, 2006). Consider in the sections below liquid with a constant surface tension impacting 

on a particular surface. We consider the cases where only velocity and/or droplet diameter 

change. 

2.2.3.1 Adherence 

Adherence occurs when the entire droplet sticks on the surface (Caviezel et al., 2008) (Fig. 2. 

10). There are a lot of possible ways to obtain adherence. Droplets with very small Weber 

numbers (We < 0.1) of which the inertia (Re < 1) is negligible compared to the surface 

tension and viscous forces, do not spread but oscillate and adhere to the surface (Caviezel et 

al., 2008). The small amount of kinetic energy that is available at impact of these droplets is 

dissipated by oscillations. The remaining kinetic energy is not enough to induce rebound 
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(Reyssat et al., 2006). In this case, Ek0 + E  ~ Ed, Est ~ Es0 and the diameter of the droplet is 

more or less conserved.  

Adhering droplets with a larger inertia (larger droplets or higher impact velocity) go into the 

spreading phase but lack the amount of energy necessary to overcome the adhesive forces of 

the surface, resulting in adherence after reaching an equilibrium diameter (Crease et al., 

1991). In this case, Ek0 ~ Ed, and Est ~ Es0 + E .   

If a droplet has more surface energy left after reaching the maximum spread diameter (Ek0 > 

Ed; Es > Es0 + E ), this energy can be converted into kinetic energy inducing recoil over the 

wetted surface (Kim and Chun, 2001). After further dissipation, the droplet reaches an 

equilibrium somewhere in the relaxation phase and adheres. Finally, a droplet can go through 

the equilibrium phase reaching an equilibrium contact diameter which lies between the 

advancing and receding contact diameter (Vadillo et al., 2009).       

 

Fig. 2. 10: Different steps in the morphology of adherence on a dry surface with the spreading, recoil and 

adherence (Yarin, 2006). 

2.2.3.2 Rebound 

Rebound occurs when after recoiling a droplet has enough kinetic energy left (Crease et al., 

1991), Ek > 0. In the beginning of the relaxation phase, the surface tension of the droplet 

induces recoil (Pasandideh-Fard et al., 1996). A part of the surface energy that the droplet 

consisted at maximum spread is used for this recoil (Šikalo et al., 2002). When the droplet has 

reached its minimum spread diameter and the kinetic energy is still large enough, the droplet 

is lifted up from the surface driven by this kinetic energy and rebounds (Crooks et al., 2001) 

(Fig. 2. 11). Droplets that rebound can be lift up by wind or evaporate during rebound so that 

they are not retained on the leaves in the end (Crease et al., 1991). 
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Fig. 2. 11: Morphology of rebound on a dry surface (Yarin, 2006). 

2.2.3.3 Splash 

Splashing (Fig. 2. 12) is the impact that requires the highest energy content of the droplet 

(Cossali et al., 1997). The surface energy of one droplet is smaller than the sum of the surface 

energies of the shattered droplets after the splash. This means that an excess of kinetic energy 

is necessary to obtain different small droplets after impact (Mundo et al., 1995).  

 

Fig. 2. 12: Shattered droplets after splash 

Two kinds of splash can be considered. The first one happens in case of large Weber 

numbers. During spreading, lamella and a rim are formed as described in paragraph 2.2.2.2. 

The spreading lamella and the rim, with increasing height, create a convex surface called the 

neck (Fig. 2. 13). During the spreading process, perturbations can arise on the rim of the 

spreading lamella leading to the ejection of small droplets (Range and Feuillebois, 1998) (Fig. 

2. 15).  The size and amount of perturbations is determined by droplet size, impact velocity, 

surface tension, viscosity and surface roughness (Range and Feuillebois, 1998). The process 

of creation is still unknown (Range and Feuillebois, 1998 and Kim and Chun, 2001). At the 

neck, the resultant surface tension forces make an angle with the surface (Range and 

Feuillebois, 1998) (Fig. 2. 13). If these surface tension forces are large enough compared to 

the inertial forces, the resultant upwards surface tension forces can lift up the lamella and 

form the crown (Range and Feuillebois, 1998). Secondary droplets are separated and move in 

the radial direction away from the centre of the droplet (Yarin, 2006) (Fig. 2. 14). These 

secondary droplets can either be lift up or they can adhere to the leaf (Caviezel et al., 2008). 

With lower Weber numbers and low contact angles (<100°), a large deformation of the 

droplet is visible during impact but no secondary droplets are split. This is also called 



Literature review   21 

 

splashing because of the large spreading, with a spreading factor of approximately four 

(Caviezel et al., 2008). 

 

Fig. 2. 13: Scheme of the surface tension forces at the neck (straight arrows), and the fluid flow inside the droplet 

(bended arrows) (Range and Feuillebois, 1998). 

 

 

 

 

When a droplet of high Weber number impacts on a wet surface, the splash phenomenon is 

different (Weiss and Yarin, 1999). However, as we mainly focus on dry surfaces this process 

will not be elaborated.  

Fig. 2. 14: Schematic presentation of the splashing behaviour of a droplet: 1, the top of the residual droplet; 

2, the wall; 3, the crown; 4, the rim; 5, secondary droplets that are separated from the rim and 6, the liquid 

layer on the wall (Yarin, 2006).  

 

 

Fig. 2. 15: Bottom view of a droplet impinging on a rough surface with clearly visible perturbations. 

Three light flashes at 500 kHz are made (Range and Feuillebois, 1998).  
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2.2.4 Fluid properties determining droplet impact 

2.2.4.1 Density 

The fluid density affects impact indirectly via the mass and diameter and thus via the kinetic 

energy of the droplet. But it is a determining factor for the Weber and Reynolds number (eq. 

2.4 and 2.5). A change in density can lead to a change in the critical Weber number for a 

certain type of impact. The most important problem in terms of density is the presence of an 

air bubble in the droplets from an air inclusion nozzle. Using the fluid density for calculating 

the Weber and Reynolds number should presume that there is no difference in impact between 

droplets of air inclusion nozzles and flat fan nozzles. Whereas, according to Faggion et al. 

(2006), droplets with an air inclusion show more adherence and the retention is comparable to 

the one of a finer spray. Therefore, the density must be adapted for the air bubble to be able to 

calculate the critical Weber number for air inclusion nozzles.  

Faggion et al. (2006) did experiments to measure the amount of air in a droplet using four 

different methods. These are not elaborated here but the results are mentioned. The 

percentages of air included in droplets from ISO 02 and ISO 04 nozzles are given for pressure 

ranges from two to four bar. The percentage of air varies from 13.40% to 23.41% for the ISO 

02 nozzle and from 8.24% to 21.01% for the ISO 04 nozzle. Droplets of flat fan nozzles also 

contain a small amount of air (1% for 02 and 1.5-2% for 04) but this is too low and can be 

neglected for the interpretation of the density. Based on these results, the amount of air in the 

droplets of air inclusion nozzles is estimated at about 20%. With this threshold, the density of 

the fluid can be adjusted for air inclusion nozzles.  

2.2.4.2 Viscosity 

Viscosity has no effect on the impact in the initial phase because of the dominating inertial 

forces (Šikalo et al., 2002). In the spreading and relaxation phase, viscosity is an important 

controlling factor of droplet impact (Rioboo et al., 2002). Droplets with a higher viscosity 

suffer more energy loss by viscous dissipation resulting in a slower spreading and a decrease 

of spreading factor (Rioboo et al., 2002 and Šikalo et al., 2002). They also show less 

deformations (Šikalo et al., 2005 a). Kinetic energy is converted into internal energy leading 

to a deficit of kinetic energy in the viscous droplet at maximum spread. The kinetic energy 
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available in the droplet at the beginning of the relaxation phase is not enough to overcome the 

adhesion forces between the droplet and the surface and rebound is suppressed (Crooks et al., 

2001). So an increase in viscosity, even a small one (Crease et al., 1991) can give droplets 

with more tendency to adherence instead of rebound (Mao et al., 1997 cited by Caviezel et 

al., 2008). With increasing viscosity, the spread factor of small droplets decreases more than 

the spread factor of large droplets. This means that the effect of viscosity on the spreading of 

a droplet is more pronounced for small droplets than for large ones (Šikalo et al., 2002).  

Viscosity also affects the splashing behaviour of droplets on wet surfaces. In case of highly 

viscous fluids, secondary droplets are not formed before the crown is fully developed (Cossali 

et al., 1997). With low viscous fluids on the other hand, tiny droplets are detached already 

during earlier phases of splashing when the crown is not jet fully developed (Yarin, 2006).  

The number of perturbations that arise on the rim of the lamella and on the top of the crown 

decreases with increasing viscosity (Range and Feuillebois, 1998). When the surface tension 

suffices to detach the perturbations as secondary droplets, viscous fluids cause the formation 

of less secondary droplets. 

As for the application in this thesis, we expect We/Re < 1 (Table 2. 1), viscosity will probably 

not be very important for this study. 

2.2.4.3 Surface tension 

Surface tension influences the events in the spreading and relaxation phase. At the end of the 

spreading phase, the energy stored in the surface of the droplet can be converted into kinetic 

energy which is used in the relaxation phase (Šikalo et al., 2005 a). With increasing surface 

tension, the surface energy increases (see eq. 2.3) and therefore also the energy available for 

rebound. So an increase in surface tension leads to less adherence and more rebound (Butler 

Ellis et al., 2004). Otherwise, increasing surface tension will inhibit splash (Weiss and Yarin, 

1999; Yarin, 2006). As mentioned before, the formation process of the crown is determined 

by the surface tension forces. If a spreading droplet reaches the point of crown formation, the 

larger the surface tension, the larger the resultant surface tension forces acting on the neck to 

form the crown. So the crown formation will be more pronounced (Range and Feuillebois, 

1998). Whereas less secondary droplets will be separated due to the opposing force of the 

surface tension (Vander Wal et al., 2006).  
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Additives are added to a spray solution to change the surface tension of the fluid and increase 

the pesticide efficiency. They increase retention, adhesion and absorbance, increase 

evaporation and they even influence the atomisation process (Crease et al., 1991; Butler Ellis 

et al., 1996; Khalil et al., 2002 and Gossen et al. 2008). Surfactants are additives which 

decrease the surface tension of the fluid, resulting in larger atomised droplets and causing a 

larger spreading of the droplet on the leaf (Xu et al., 2010). The contact angle of the droplet 

with the surface is decreased which increases the wettability (Pasandideh-Fard et al., 1996). 

This leads to a better coverage of the leave with pesticides and thus more protection against 

attackers (Gossen et al., 2008). Since surfactants decrease the surface tension, recoil and 

rebound which are driven by surface tension are supressed by adding surfactants (Crease et 

al., 1991). The higher the concentration of surfactant added, the more reduction of recoil 

(Crooks et al., 2001). Suppressing rebound improves the efficiency. Surfactants increase the 

efficiency of pesticides, especially on hydrophobic and superhydrophobic surfaces that are 

very difficult to wet.  

The surface tension for a pure liquid like water remains constant (equilibrium surface tension) 

during the impact process but the surface tension of a solution is not constant during the 

impact (Mourougou-Candoni et al., 1997). An atomised droplet before impact is perfectly 

spherical and has an equal distribution of surfactant molecules over the liquid-gas interface. 

The equilibrium surface tension is installed in the droplet (Mourougou-Candoni et al., 1997). 

At impact, the liquid-air interface is changing and the molecules have to rearrange, which 

takes a time (Crooks et al., 2001). The surface of the impacting droplet is increased and 

surfactant molecules have to redistribute themselves over the surface. During this process, the 

concentration of surfactant in a particular part of the droplet is changing and therefore the 

surface tension is not constant (Crooks et al., 2001). This changing surface tension is called 

the dynamic surface tension (DST). 

2.2.5 Surface properties determining droplet impact 

2.2.5.1 Wettability 

The static contact angle , as defined in eq. 2.8, is used to determine the wettability of a 

surface (Rioboo et al., 2002; Butler Ellis et al., 2004 and Xu et al., 2010). It describes the 

characteristics of the liquid-solid interface like the surface tension does for the liquid-gas 
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interface (Butler Ellis et al., 2004). Two droplets with the same fluid characteristics that 

impact on a different surface will show a different wettability. So next to fluid properties like 

surface tension, the contact angle thus depends on the surface characteristics. Droplets with a 

small contact angle will make more contact with the surface and they wet the surface more 

than droplets with a large contact angle. The wettability increases with decreasing contact 

angle (Xu et al., 2010). According to the analysis of Roisman et al. (2002), the wetting can be 

represented by the positive work term E  in the energy balance (eq. 2.7), which is a direct 

function of cos .  

The simplest distinction between surfaces that can be made is between hydrophilic and 

hydrophobic surfaces. A water droplet on a hydrophilic surface shows a static contact angle 

which is smaller than 90°, while on a hydrophobic surface the static contact angle is larger 

than 90° (Reyssat et al., 2006). On the hydrophilic surface, a water drop will spread more and 

the contact diameter will be larger so, hydrophilic surfaces are more wettable than 

hydrophobic ones. A static contact angle of zero is associated with complete wettability 

whereas a contact angle of 180° corresponds with a non-wettable state (Quéré, 2005).  

2.2.5.2 Roughness 

The outcome of the impact of a droplet is determined by the combination of surface 

wettability and surface roughness (Quéré, 2005). The surface roughness is described as a 

dimensionless parameter Ra. It is the ratio of the actual surface to the projected surface of a 

material (Quéré, 2008).  

The roughness and texture of a surface has an important effect on the advancing, receding and 

hysteresis contact angles (Fig. 2. 7), and thus influences the wettability of the surface (Quéré, 

2005).  

An increase in surface roughness can affect droplet impact significantly. Although the surface 

does not influence the behaviour of the droplet in the kinematic phase, it becomes an 

important influencing factor in the spreading and relaxation phase (Rioboo et al., 2002 and 

Šikalo et al., 2002). An increase in surface roughness reduces the maximum spread diameter 

and the spreading velocity because of the larger advancing contact angle (Šikalo et al., 2002). 

The influence of roughness on spreading decreases if the impact velocity increases (Šikalo et 

al., 2002). The outcome of the recoil phase is to some extent dependent on the receding 
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contact angle and the contact angle hysteresis (Šikalo et al., 2002). Smooth surfaces have a 

low receding angle and recoil is supressed. Rioboo et al. (2002) indicated experimentally that 

the receding contact angle is the determining factor for the behaviour of the droplet in the 

relaxation phase. He showed that water droplets only rebounded on surfaces with a large 

receding contact angle. These observations can be extended to leaves; leaves with waxes on 

the cuticle have larger receding contact angles and suppress adherence of droplets (Smith et 

al., 2000). 

With more surface roughness, complete rebound and fragmentation are favoured. The air film 

captured in the rough structure between the droplet and the surface reduces energy losses by 

viscous dissipation. Therefore, the spreading velocity is not reduced as much in the spreading 

phase as on a smooth surface (Reyssat et al., 2006). Destabilisation of the rim occurs already 

at lower impact velocities and perturbations arise. While the droplet recoils, small satellite 

droplets remain at the pillars of the microstructure (Reyssat et al., 2006). Increasing the 

impact velocity on rough surfaces induces the prompt splash (Rioboo et al., 2008). The 

satellite droplets do not adhere to the surface but they are lift up and thrown away (Rioboo et 

al., 2002).  With increasing surface roughness, the number of perturbations decreases but their 

size will enlarge (Range and Feuillebois, 1998). On a flat hydrophilic surface, this 

phenomenon won’t occur. The viscous dissipation is more pronounced and it reduces the 

velocity of the rim so that instabilities do not develop (Reyssat et al., 2006).  

Surface roughness also influences the behaviour of secondary droplets formed by splash or 

rebound (Mundo et al., 1995). In case of roughness, the reflection angle with respect to the 

vertical axis is smaller. Also the diameter of the shattered droplets is smaller. The secondary 

velocity of the droplet (which is the velocity after impact) is larger for rough surfaces than for 

smooth ones (Mundo et al., 1995).  

2.2.5.3 Superhydrophobic surfaces 

Superhydrophobic surfaces are a combination of hydrophobic surfaces and a large roughness 

on microscopic level (Quéré, 2005). They are characterised by contact angles larger than 160° 

and a contact angle hysteresis of less than 5° (Reyssat et al., 2006). The wettability is very 

low. The droplet will not stick on the surface but it will have the tendency to roll of.  

Superhydrophobic surfaces are covered with microscopic pillars that are arranged on the 

surface with a certain density (Reyssat et al., 2006). When an impacting droplet touches the 
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surface, it does not insert into the microstructures but it stays on the pillars. The air captured 

between the pillars prevent the droplet from penetrating into the structures. The contact angle 

is then the mean between the Young’s contact angle and the contact angle of a water drop on 

air which is 180° (Quéré and Reyssat, 2008). This phenomenon was first described by Cassie 

and Baxter in 1944 and it is called the Cassie-Baxter state of wetting (Quéré and Reyssat, 

2008) (Fig. 2. 16 b). More dilute pillars contain more air in between the pillars which leads to 

an increase in the contact angle. But when the pillars are to dilute, the droplet can replace the 

air between the pillars and penetrate to reach the bottom of the surface. This causes a decrease 

in contact angle from 160° to 90° which is the value of a drop on a flat hydrophobic smooth 

surface (Reyssat et al., 2006), and the contact angle hysteresis increases (Quéré and Reyssat, 

2008). The model of a droplet that follows the microstructures of the material is the Wenzel 

state of wetting (Quéré and Reyssat, 2008) (Fig. 2. 16 a). The Wenzel state is related with 

surfaces of smaller roughness than the Cassie-Baxter state. Depending on the surface 

roughness and the impact velocity, the behaviour of impacting droplets shifts between the 

Wenzel and Cassie-Baxter state (Rioboo et al., 2008) (Fig. 2. 17).  

 

Fig. 2. 16: The wetting states of a droplet on a microtextured surface: (a), Wenzel state of wetting; (b), Cassie 

Baxter state of wetting (Quéré and Reyssat, 2008). 

With increasing impact velocity on a rough surface, the impact behaviour of the droplet 

changes (Reyssat et al., 2006). At a high impact velocity, the Weber number is high and 

therefore the spreading factor is also high. In the middle of the expanded drop, a zone where 

the water has sunk inside the texture is formed. Due to the high impact velocity, the bottom 

part of the impacting droplet has replaced the air between the pillars and the fluid is trapped 

inside the texture (Reyssat et al., 2006). This amount of fluid is not released from the texture 

when the droplet rebounds whereby a small droplet is left at the surface. This phenomenon is 

called partial rebound or pinning (Fig. 2. 18).  
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Fig. 2. 17: Outcomes of a drop impacting on a superhydrophic surface (Rioboo et al., 2008). 

If the density and the height of the micropillars increase, no pinning occurs whatever the 

impact velocity is (Reyssat et al., 2006). These findings are also proved in Fig. 2. 17. When 

the impact velocity of a drop on a surface in the Wenzel regime increases, partial rebound 

occurs.  

 

Fig. 2. 18: Morphology of partial rebound on a dry solid surface (Reyssat et al., 2006). 

So, on superhydrophobic surfaces, the material becomes almost 100% water-repellent. This is 

a useful application in a lot of industrial sectors, e.g., windows, car bodywork. But in 

agriculture it makes the plant protection a lot more difficult. Plants with superhydrophobic 

leaves repel a lot of droplets. Therefore is it important to choose a right additive in relation 

with the plant species (Xu et al., 2010).  

2.2.6 Leaf surface characteristics 

The roughness and wettability of plant surfaces is determined by the presence of hairs, 

trichomes, epicuticular waxes and epidermal cells of the cuticle (Quéré and Reyssat, 2008). 

Plants with three dimensional leaf structures in two levels are superhydrophobic, and waxy 
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structures even enhance superhydrophobicity (Koch and Barthlott, 2009) (Fig. 2.  19). Leaves 

of lotus show a folding of papillose cell structures with superimposed wax crystals (Koch and 

Barthlott, 2009). Other plant species contain a third level of structuring caused by the 

presence of hairs (Koch and Barthlott, 2009). Cabbage is also superhydrophobic but does not 

have the papillose folding structure (Ensikat et al., 2011). Therefore, cabbage is more 

vulnerable to damage caused by natural erosion or friction of the leaves against each other 

(Ensikat et al., 2011). This can be simulated by wiping across a leaf with the finger (Fig. 2.  

19). When plants age, the waxes on the surfaces can be damaged by contact and by 

environmental influences (Koch and Barthlott, 2009). This makes older leaves less 

hydrophobic. In Fig. 2.  20, the superhydrophobicity of cabbage leaves is shown. The droplets 

have a very large contact angle and hardly spread.  

 

Fig. 2. 19: left: Three dimensional arrangement of wax crystals at two levels on the leaves of lotus (Nelumbo 

lucifera); middle: superhydrophobic structure of cabbage (Brassica oleracea) and right: superhydrophobic 

structure of cabbage (Brassica oleracea) after wiping across the leaf with the finger (Ensikat et al., 2011).  

 

 

Fig. 2. 20: Water droplets on the superhydrophobic leaf of Brassica oleracea (Koch and Barthlott, 2009). 
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Most plant surfaces are hydrophobic to protect themselves against attack of micro-organisms 

which need water to grow (Koch and Barthlott, 2009). Also gas exchange, photosynthesis and 

CO2 accumulation are reduced by a water cover on the leaves (Koch and Barthlott, 2009). 

Plants that grow in warm and dry climates have hydrophilic surfaces to enhance the water 

uptake. Also the lower plant classes take up water via the hydrophilic plant structures. 

Hydrophilicity is induced by porous structures in the leaf surface. Some examples are the 

Bromelia family, viz. pineapple and Spanish moss, and Spaghnum, liverworts, lichens and 

other lower plants that have no roots and vascular system for water uptake (Koch and 

Barthlott, 2009).   

The knowledge about the structures of superhydrophobic plant surfaces inspired scientists to 

build artificial superhydrophobic surfaces by introducing roughness onto a water repellent 

surface (van der Wal and Steiner, 2007). Teflon is the best known example of an artificial 

superhydrophobic surface. It is built up of spherical interconnected micro pores (van der Wal 

and Steiner, 2007) (Fig. 2.  21). 

 

Fig. 2. 21: The microstructures of a Teflon surface (van der Wal and Steiner, 2007). 

2.3 Conclusions 

In this chapter, an overview of droplet impact on dry horizontal surfaces is given. The three 

main types of impact, ‘adherence’, ‘rebound’ and ‘splash’, are introduced (see 2.2.3) and 

explained by the droplet physics. The Weber number and Reynolds number are defined (see 

2.2.1). These give respectively the ratio between kinetic energy and surface energy and the 

ratio of the inertial and viscous forces. Both numbers are used to classify droplet impact. In 

section 2.2.2 it is made clear that the determining forces  depend on the phase of the impact 

process. In the first phases, inertial forces and kinetic energy dominate the process, whereas in 

the later phases surface tension and viscosity become more important. The influence of the 

surface tension and the viscosity are explained more in detail in section 2.2.4. At the end, it is 
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explained how surface characteristics influence the impact behaviour of the droplets (see 

2.2.5). The main emphasis lies on the hydrophobic surfaces because plant surfaces are mostly 

water repellent to some degree. The superhydrophobic surfaces are explained in detail 

because they affect droplet impact in a certain way. Hydrophobicity favours rebound and 

splash at the expense of adherence. The deposition of droplets on the plant surface is reduced.   

This chapter did not elaborate the impact of droplets on inclined and wet surfaces. Although 

both characteristics affect the impact behaviour and are present in real conditions. The leaves 

of a plant are oriented in different directions and these are hardly ever horizontal. On inclined 

surfaces, the velocity is split up in a tangential and normal component. Only the normal 

component is important for the kinetic energy and thus due to the inclination, the kinetic 

energy of an impinging droplet is reduced (Šikalo et al., 2005 b). This causes less spreading 

and recoil. Another difference is that on inclined surfaces gravity has to be taken into account 

(Šikalo et al., 2005 b). Inclined surfaces are not in the scope of this thesis because all the 

experiments are done with horizontal surfaces. The effect of wet surfaces can be more 

important since the results of some tests can be affected by the presence of droplets impacting 

on wet surfaces. This is mentioned in the chapter 4.  

In the next chapters, droplet impact on five different surfaces is classified: cabbage, leek, 

apple, pear and artificial Teflon. Therefore it is important to understand the effect of the 

surface on the droplet behaviour. Tests are done with water and with Plant Invigorator which 

is a biological pesticide. By using the pesticide, the influence of the surface tension can be 

examined. For each surface, we tried to determine the transition between adherence and 

rebound, and rebound and splash. The Weber numbers are searched which distinguish the 

droplets between the different types of impact for a specific surface. In this critical Weber 

number, droplet diameter, velocity and surface tension are combined. As proved in section 

2.2.1, viscosity can be ignored. Due to the lack of a number that takes into account the surface 

characteristics, the critical number cannot be generalised for surface and the classification has 

to be done for each surface separately. Afterwards, the droplet spectrums of four different 

nozzles are compared to the model of impact classification.  
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3 Materials and methods 

3.1 Introduction 

This chapter describes the materials and methods used to study droplet and droplet impact 

characteristics. After a description of the studied collector materials (see 3.2), the methods 

used to measure droplet and surface characteristics are described (see 3.3). These important 

properties help to understand the droplet behaviour during impact and to classify droplets into 

impact classes. Additionally, the different studied impact surfaces were imaged using 

scanning electron microscopy to study the effect of roughness and structure of the surfaces on 

droplet impact behaviour.  

Second, the method used to study the impact of droplets on different surfaces is described (see 

3.5) using high speed videos of the impinging droplets to visualise the different phases of 

droplet impact as described in section 2.2.2. The droplets visualised with the camera represent 

only a small proportion of the droplets produced by a nozzle. Therefore, Phase Doppler 

Particle Analysis (PDPA) was used to determine the droplet spectra of the used nozzles (see 

3.6).  

Finally, deposition tests are described (see 3.7). These tests were designed to measure the total 

deposition of the sprays on a specific surface under laboratory spraying conditions.  

3.2 Materials 

In the experiments, different plant materials, Teflon slides, nozzles and spray liquids were 

used as described below. 

3.2.1 Plant materials 

The apple and pear leaves came from trees in the Centre of Fruit Culture of the K. U. Leuven 

in Rillaar, Belgium. The experiments with apple and pear leaves took place in November at 

the end of the fruit season. Therefore, the leaves of the used twigs were not young anymore 

and some already started to brown or were damaged. For the experiments, the most green 
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leaves were used. Another difficulty was keeping the leaves and twigs as fresh as possible 

after they were cut. They got water and were stored in humid surroundings.  

The cabbage (cauliflower) and leek plants came from the Provincial Research and Advisory 

Center for Agriculture and Horticulture (POVLT) in Rumbeke, Belgium. Since the plants 

were young and grew in pots, it was easy to keep them in good condition.  

3.2.2 Teflon slides 

The used Teflon slides were diagnostic slides with one side completely coated with a layer of 

Teflon (Thermo Scientific, part number X2XES2013BMNZ, Gerhard Menzel GmbH, 

Braunschweig, Germany). The dimensions of the Teflon slides were 72 mm by 24 mm.  

3.2.3 Nozzles  

Stainless steel Teejet XR nozzles with a spray angle of 110 degrees were used for the 

experiments. Three different sizes of flat fan nozzles (viz., 11001VS, 11004VS and 11008VS) 

and one air inclusion nozzle AI11008VS were tested. Of each nozzle type, the same nozzles 

were used in all the experiments to reduce variability. 

3.2.4 Spray liquids 

Most experiments were performed with water. Either distilled water or water from the tap was 

used depending on the availability of distilled water for the different tests. One experiment 

was repeated with a 2 ml/l Plant Invigorator (SB Products, United Kingdom). It is a pesticide 

which can be used against aphids, whitefly, mealy bug and also against powdery mildew.  

For the deposition tests, a solution of water with a fluorescent tracer Brilliant Sulfo Flavine 

(BSF, 5 g/l) was used. When we mention in the rest of this work that we used Plant 

Invigorator or BSF, it means that we used the respectively solutions of 2 ml/l and 5 g/l.  

Table 3. 1 shows an overview of the collectors, spray liquid, nozzles and spray pressure used 

for the different tests. 
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Table 3. 1: Used collector surfaces, spray liquid, nozzles and spray pressure for the different tests. 

Surfaces Spray liquid Nozzles Pressure 

Contact angle measurements 

Apple 

Pear 

Cabbage 

Leek 

Distilled water 

Distilled water 

Distilled water 

Distilled water 
/ / 

Teflon Distilled water and 

Plant Invigorator 

Visualisation of droplets with the high speed camera 

Teflon Tap water 

 

 

 

Plant Invigorator 

11001VS 

11004VS 

11008VS  

AI11008VS 

11004VS 

4.0 bar 

3.0 bar 

2.4 bar 

2.9 bar 

3.0 bar 

Cabbage Tap water 

Plant Invigorator 

11004VS 

11004VS 
3.0 bar 

Leek Tap water 11004VS 3.0 bar 

Apple  Tap water 11004VS 

11008VS 

AI11008VS 

3.0 bar  

2.4 bar 

2.9 bar 

Pear  Tap water 11004VS 3.0 bar 

Deposition tests 

Teflon 

Cabbage 

Leek 

Filter paper 

Water (Petri 

dish) 

BSF  
11001VS, 11004VS, 11008VS and 

AI11008VS 
4.0 bar 
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3.3 Measurement of droplet and surface characteristics 

Static contact angle, surface tension and viscosity were measured as described below. 

3.3.1 Static contact angle 

Contact angle measurements were performed at the Department of Chemical Engineering of 

the K.U. Leuven in Belgium with a KRÜSS Droplet Shape Analysis System DSA14 (KRÜSS 

GmbH, Hamburg, Germany).  

With a small needle, a droplet of 2-6 µl was deposited carefully on the tested target surfaces. 

A camera took a picture of the droplet on the surface when the equilibrium contact angle was 

reached. First, a horizontal line above which no extreme irregularities of the surface arise 

needed to be indicated on the picture (Fig. 3. 1). The Droplet Shape Analysis (DSA) software 

predicted the shape of the droplet based on the curvature of the droplet above the blue line. 

The static contact angle was calculated based on the pixels of the droplet and the surface. 

Surfaces with a lot of relief cause a less accurate measurement of the contact angle. The flatter 

the surface, the better the measurement.  

 

Fig. 3. 1: Measurement of the static contact angle with the indication of the droplet (spherical line) and the 

horizontal surface (straight line). 

The static contact angle of water droplets was measured on apple, pear, leek, cabbage leaves 

and Teflon slides (Table 3. 1). For the apple and pear leaves, 15 repetitions were made using 

different leaves. Ten repetitions were made on different cabbage leaves and on Teflon slides.  
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The results obtained with leek in other tests, viz. the videos (see 3.5) and the deposition tests 

(see 3.7), revealed effects of leaf age and position along the length axis of the leaf. Therefore, 

additional contact angle measurements were performed. The third, the sixth and the ninth leaf 

(start counting at the oldest leaf) of two leek plants were used to measure the contact angle. 

On each leaf, three positions were distinguished: the base of the leaf close to the shaft, the 

middle and the tip of the leaf. In total, 18 contact angle measurements were done on leek.  

The mean value and standard deviation of the measurements were calculated. A one-way 

ANOVA at significance level 0.95 was performed in R (CRAN (Comprehensive R Archive 

Network)) to investigate the difference between the contact angle on cabbage and on Teflon. 

A multifactorial ANOVA (significance level 0.95) was done to check the influence of 

position and age on the contact angle of leek. 

3.3.2 Surface tension 

The surface tension was measured using a KRÜSS Droplet Shape Analysis System DSA14 

(KRÜSS GmbH, Hamburg, Germany). With this system a pendant droplet is produced on a 

needle and filmed. Given the density of the droplet and the diameter of the needle (1.507 

mm), the DSA software interprets the curvature of the droplet and calculates the surface 

tension based on the Laplace theory (Hartland, 2004). The gravity and the pressure inside and 

outside the droplet are taken into account by the software to calculate the surface tension.   

3.3.3 Viscosity  

The measurement of the viscosity of Plant Invigorator (2 ml/l) was performed at the 

Laboratory of Crop Protection Chemistry at the Faculty of Bioscience Engineering of Ghent 

University with a Brookfield DV-II+ viscometer (Brookfield Engineering Laboratories, 

Massachusetts, USA). It is a rotational viscometer with a very high torque measurement 

accuracy. The measurement was done with spindle number 21 (with Spindle Multiplier 

Constant 5 and Spindle Shear rate 0.93) and 5 different values of spindle speed (viz., 60, 100, 

140, 160 and 200 RPM). For each value, 5 repetitions were made.  

A one-way ANOVA at significance level 0.95 was performed in R to investigate the 

difference between the viscosity of water and the viscosity of Plant Invigorator. 
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3.4 Surface imaging with SEM 

Scanning electron microscopy (SEM) was performed at the Laboratory for Plant Systematics 

of the K.U. Leuven in Belgium. The method described by Vrijdaghs (2006) was used.  

Initially, the fresh leaf material was cut into small pieces of approximately 2 mm by 3 mm in 

parallelogram shape to be able to distinguish the up- and downside of the leaf sample during 

the whole experiment. The samples of leaf material were kept in an ethanol solution of 70% to 

protect from air drying. If leaf material air dries, the cells dehydrate, shrink and can be 

damaged. This can destroy the surface structures.  

The next step is the critical point drying of the material. This method dries the plant material 

without damaging the cells. Some preparations were needed before the critical point drying 

could be started. The leaf samples were put in small paper envelopes and kept for 5 minutes in 

a solution of 50% ethanol and 50% dimethoxymethane (DMM). After that, the envelopes 

were put in a solution of 100% DMM for another 5 minutes. After the latter step, the ethanol 

in and around the plant tissue is completely replaced by DMM. In the next step, DMM was 

replaced by CO2 in ten washing steps. All these steps took place at a temperature of 8-10°C 

and a pressure of 50·10
5
 Pa. Then, the pressure and the temperature were increased gradually 

till 40°C and 80·10
5
 Pa. When the critical point of CO2 is exceeded it vaporizes without 

having boiled. Afterwards, the pressure was slowly decreased to atmospheric pressure again. 

After the critical point drying, the plant material was put on aluminium stubs and placed in a 

sputter coater. This is a device with a vacuum room that consists of two electrodes. The air in 

the room is replaced by Ar molecules. The stub holder is the positive electrode and the 

negative electrode is a golden sheet. By establishing a low pressure in the room, electrons are 

released and bind with the Ar molecules to form Ar
+
. This cation wants to obtain its perfect 

noble gas configuration again. It gives an electron to the negative electrode. This causes the 

release of Au particles which precipitate on the stub. Now the sample is coated with a gold 

layer and can be examined in the electron microscope.  

The gold coating has a triple role: 

- it causes a better reflection of the electron beam to the detectors in the microscope, 

- secondary electrons are released by the absorption of electrons making imaging easier, 

- the gold coating conducts electrons. 
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3.5 Impact visualisation with a high speed camera 

3.5.1 Experimental setup 

Fig. 3. 2 shows the setup of the experiments. A leaf sample was placed in between the high 

speed camera (Y4 CMOS, Integrated Design Tools (IDT)) and the light source (19LED, 

Integrated Design Tools (IDT)). The distance between the light and the target surface was 50 

cm. In order to capture a representative sample of the droplets of a certain spray, the sample 

was placed under the moving nozzle in the centre of the spray. The speed of the nozzle was 2 

m/s, its direction is indicated in Fig. 3. 2. The imaging frequency of the camera was set to 

20000 frames per second. To reach this acquisition frame rate, the camera resolution had to be 

reduced to 1016 by 185 pixels. The spatial resolution of the camera was 10.8 µm/pixel.  

 

Fig. 3. 2: Left: Experimental setup of the experiments with the high speed camera. The nozzle, light, camera, leaf 

sample and direction of the moving nozzle are indicated. Right: top view of the moving spray cone.  

3.5.2 Experiments 

The experiments were performed at Mechanics and Construction Unit, Department of 

Environmental Sciences and Technologies, University de Liège – Gembloux Agro-Bio Tech. 

With the high speed camera, videos of the impacting droplets on different surfaces (Teflon, 

cabbage, leek, apple and pear) were taken (Table 3. 1). Small strips of ± 0.5 cm to 5 cm were 

Nozzle 

Light 

Camera 

Leaf sample 

Direction of the    

nozzle 

Direction of the    

nozzle 
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cut from the leaves. Using larger strips caused problems in terms of visualisation. Curled 

edges of larger strips blocked the view of the camera and inhibited visualisation of the place 

of impact. The edges of the small leaf strips were attached to a framework and placed under 

the nozzle. This setup allowed the strips to deform during droplet impact and approximated 

realistic circumstances. The collectors were placed under the moving nozzle in the centre of 

the spray cone (Fig. 3. 2).  

Experiments were done at the spray pressures mentioned in Table 3. 1. These pressures are 

the highest pressures that could be reached with the present compressor. The experiments 

with artificial Teflon plates were repeated twice, the ones with real plant material were 

repeated four times. In each repetition, leaves of the same age were used.  

3.5.3 Video processing 

The video processing was performed with the software Motion Studio (Integrated Design 

Tools (IDT), Lommel, Belgium).  

The parameters of interest are the velocity and the diameter of the droplets. They were 

calculated based on the number of pixels in the images, the spatial resolution of the camera 

(µm/pixel) and the shutter speed of the camera (frames/s). The diameter in pixels was read 

from the screen and converted into micrometres with the spatial resolution of the camera (Fig. 

3. 3) (eq. 3.1). The velocity of the droplet was calculated from a position measurement in 

pixels on the screen and a time delay between the different frames. For example, the pixel y-

position of the bottom of a droplet on the screen in frame 100 was measured. Comparing this 

to the y-position of the same part of the droplet in frame 110 and knowing the constant 

velocity of frames taken per second makes it possible to calculate the vertical impact velocity 

of the droplet (Fig. 3. 3 ) (eq. 3.2)  

 

Fig. 3. 3: Pixel values of the droplet used to calculate the diameter and velocity. 
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With D (µm) the diameter of the droplet, X1,  X2 and Y explained in Fig. 3. 3, v (m/s) the 

velocity of the droplet, 10.8 the spatial resolution of the camera (µm/pixel) and 20000 the 

shutter speed of the camera (frames/s). Using this method, only the vertical component of the 

velocity was measured and thus the calculated Weber number is the normal component of the 

Weber number. This Weber number is sufficient to examine droplet impact since the vertical 

velocity is the most important one for determining the inertia of the droplet (Šikalo et al., 

2005 b). Therefore it will be called the Weber number in the rest of this work. Attention 

should be paid that the velocity of the droplet was measured just before impact. On the video, 

only a small part of the droplets were in focus and could be measured. Of the blurred ones, it 

was too hard to predict the edge of the droplet and the diameter and velocity could not be 

calculated. Only the droplets with less than four pixels or 45 µm of uncertainty on the edge 

were taken into account.    

For every nozzle-surface combination, the droplets were plotted in a graph with the diameter 

on the x-axis and the velocity on the y-axis. Each droplet was, based on the observations in the 

videos, classified in one of the three classes, viz. adherence, rebound or splash (see 2.2.3). 

Droplets of which the impact was not straightforward were given a remark. Sometimes, these 

droplets were in the transition zone between two kinds of impact. Based on these graphs, the 

critical Weber number at which transition between adherence and rebound on the one hand 

and rebound and splash on the other hand occurs was determined. This method is based on 

Rioboo et al. (2008). The multivariate statistical method of tree based modelling (TBM) was 

used to find the critical Weber numbers so there is a minimum misclassification error. The 

decision trees were calculated based on ten-fold cross-validation and pruned till the two best 

splits were left. Each split corresponds to a transition of impact. At the end the residual mean 

deviance (RMD = total deviance/(number of observations - number of end nodes)) of the 

model was calculated and the misclassifications were listed. 

In some cases, no distinction between adherence and rebound could be made because the two 

impacts were not distinguishable using TBM. The boundaries drew by the TBM, especially 

the lower ones, are not straightforward. At lower or higher Weber numbers, there still exist a 

probability of adherence and rebound. Therefore, the logistic regression was performed. A 

logistic model based on the Weber number was fit and allowed separating splashing and non-

splashing droplets. This was also done for adherence. These models gave the probability of 
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adherence or splash in function of the Weber number. The model for rebound was calculated 

based on the results of the logistic regression on adherence and splash. The probability of 

rebound and adherence was calculated as one minus the probability of splash and a distinction 

between the probability of adherence and rebound was made based on the logistic model of 

adherence.   

A distinction was made between the classification of droplets produced by the flat fan nozzles 

and the air inclusion nozzles, because it is possible that the air inside the droplets produced by 

the air inclusion nozzle influences the relation between Weber number and impact. 

3.6 PDPA laser spectrum analysis 

3.6.1 Experimental set up 

The Phase Doppler Particle Analysis was performed at the Institute for Agricultural and 

Fisheries Research (ILVO) in Merelbeke, Belgium.  

The droplet spectrum of the XR TEEJET nozzles 11001VS, 11004VS, 11008VS and the air 

inclusion nozzle AI11008VS was measured with PDPA at a spray pressure of 4.0 bar and the 

respective pressures used in the video experiments (Table 3. 1). The used device is an 

Aerometrics PDPA 1D (TSI, Minneapolis) and consists of a 300 mW Argon-Ion laser, a fibre 

drive, a fibre optic coupler, a fibre-optic transmitter lens and receiver, a Real-Time Signal 

Analyser (RSA) and Data VIEW-NT 2.0.4.0 software. The setup of the device is shown in 

Fig. 3. 4. The green light of the laser has a wavelength of 514.5 nm and splits in two beams 

with equal intensity which cross at 500 mm (equal to the focal length) from the transmitter 

lens. The receiver detects the scattered light when a droplet passes through the measurement 

volume (the intersection of the two laser beams). Therefore, the receiver has to be placed 

under the right angle with the incident laser beams to be able to detect the scattered light. In 

case of a transparent liquid like water, an angle of 30° is recommended. Using less transparent 

fluids, the light will reflect instead of going through the liquid and refract. In that case, the 

angle between the incident beam and the receiver need to be larger than 90° (Nuyttens et al., 

2006). 
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Fig. 3. 4: Schematic overview of the PDPA optical laser instrument (Nuyttens et al., 2006). 

Two different scanning methods were applied. First, a total scan of the spray cloud was made 

for every nozzle at the continuous mode (Fig. 3. 5). The speed of the nozzle needed to be 

changed dependent on the nozzle type in order to capture enough droplets. The standard flat 

fan nozzles moved at 2 m/s whereas the air inclusion nozzle moved at 0.5 m/s.  In the 

experiments with the high speed camera, the droplets of the short axis of the elliptical spray 

cloud were visualised. Therefore, a second way of scanning was performed. Since it was 

impossible to scan the short axis of the spray pattern, the middle point of a spray cloud was 

scanned for a period till enough droplets were measured. In total, four different scans were 

taken per nozzle. The total scan and the scan of the middle point were taken at a spray 

pressure of 4 bar and they were repeated at the spray pressure which was used for the video 

recordings (Table 3. 1).  

It should be mentioned that the results of the scanning middle point are not representative for 

the whole spray. The distribution of small and large droplets is not homogenous in the spray 

cloud. And also the velocities of the droplets at the edges differ from the ones in the centre 

(Tuck et al., 1997). Although, some nozzle types show a relatively homogenous spray pattern, 

this is not the case for the nozzles used in the experiment. When information about the whole 

spray is needed, the best thing to do is making a total scan (Tuck et al., 1997).   
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Fig. 3. 5: Scan trajectory of the total scan of the spray cloud (Nuyttens et al., 2006).  

3.6.2 Analysis of the results 

The next step is the validation of the results. The measurement volume has a Gaussian 

intensity profile with a lot of intensity of the laser light in the centre and almost no intensity at 

the edges. Erroneous results can arise when droplets do not pass through the intense part of 

the measurement volume. For example, when they are larger than the measurement volume 

and are not detected properly, or when two droplets pass at the same time. All the errors need 

to be removed from the list of results. The beam waist is set as the circle of the measurement 

volume of which 13% of the intensity lies outside the circle. The droplets that go through the 

beam waist will be detected well. The droplets A and C in Fig. 3. 6 pass through the 

measurement volume but not through the beam waist and should be rejected. These drops 

scatter less than 13% of the available light in comparison with drops that pass through the 

centre and scatter the maximum possible light. In the intensity validation plot (Fig. 3. 6), an 

upper and lower limit is drawn based on the intensity of the scattered light of the droplets. All 

the droplets which are not between the upper and lower intensity limit must be rejected.  

After intensity validation, a list with thousands of droplets with a certain diameter and 

velocity is left and the droplet spectrum is determined. A last remark is that the amount of 

measurements need to be larger than 10000 to create a significant view of the spectrum (Tuck 

et al., 1997).   
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Fig. 3. 6: Principle of intensity validation of the droplets. Left: measurement volume (green surface) and beam 

waist (red circle) of the laser beams. Right: intensity validation: only points that are lying between the two 

curves are valid (figure adapted from PDPA manual, TSI).  

3.7 Deposition tests 

3.7.1 General 

The deposition of a fluorescent tracer Brilliant Sulfo Flavine (BSF) (5 g/l) on different 

collector types, viz. cabbage, leek, Teflon slides, filter paper and Petri dishes filled with water, 

was measured using the four nozzles (Table 3. 1). Deposition tests were performed at ILVO.  

The cabbage, leek and filter paper were cut into circles of 30 mm diameter with a punch ring. 

The petri dishes had a diameter of 35 mm, the Teflon plates were 72 mm by 24 mm. The 

collectors were put between clamps at a 90° angle to the spray nozzle corresponding with a 

horizontal position (Fig. 3. 7). By using clamps instead of placing them on a horizontal 

surface, they could bend when droplets impacted and realistic circumstances were better 

approximated. Also, droplets impacting on the table which rebounded could not influence the 

deposition on the collectors. The collectors were positioned ± 5 cm above the surface of the 

table. To avoid deposition on the bottom side of the collectors, a filter paper was attached at 

this side of the collector. Five samples of the same collector were positioned at a distance of 

5.2 cm of each other and put in the middle of the spray width (Fig. 3. 7). The left sample had 

position 1 and the right sample had position 5. The five collectors were positioned after each 

other in the direction of the moving spray boom (Fig. 3. 8). 
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Fig. 3. 7: Filter paper circles put between clamps. 

 

 

Fig. 3. 8: Positioning of the collectors on the table. The nozzle moved from the front side to the back side of the 

table. 

3.7.2 Spray application 

Spraying was performed using a greenhouse sprayer connected to a 3-nozzle spray boom. The 

spray boom was mounted on a fully automated spray track (Fig. 3. 9) (Foqué and Nuyttens, 

2011), 50 cm above the collectors. The distance between the nozzles on the boom was 50 cm 

ensuring nozzle overlap and thus uniform spray deposition. With each of the nozzles, three 

repetitions were performed.  

The application rate corresponding with an application speed of 4 km/h is 135 l/ha for the ISO 

01 nozzles, 546 l/ha for the ISO 04 nozzles and 1095 for both the flat fan and air inclusion 

ISO 08 nozzles.      

 

 
5,2 cm 

 

1 2 3 4 5 
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Fig. 3. 9: Fully automated spray track with spray boom (3 nozzles were used). 

The collectors were removed immediately after spraying and put into Petri dishes with 3 ml of 

water for the cabbage, leek and filter paper and 20 ml of water for the Teflon plates. In these 

dishes, the collectors were washed and the BSF was rinsed. After five minutes, the collectors 

were removed from the water. 200 µl of every sample was transferred to a microplate to be 

analysed in the Fluostar.  

3.7.3 Analysis of the spray deposition 

A fluorimeter is a device to measure the fluorescence of a sample. A beam of UV light excites 

the molecules and changes the energetic level of the molecules. The excitation filter sends out 

a photon of a certain wavelength which is absorbed by the molecules in the solution. These 

molecules lose energy and send out a photon of a lower energy level which can be detected by 

the emission filter.  

The FLUOstar with OPTIMA software (BMG LABTECH GmbH, Offenburg, Germany)  was 

used to measure the fluorescence in our experiments. A test protocol was made using a 440 

nm excitation filter and a 510 nm emission filter. Black NUNC 96 microplates were used and 

the top optic was selected. According to the manual, 10 flashes per well were set. The 

fluorescence value in the output is the mean of these ten flashes. Before starting the 

Spray tank 

Spray boom 
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measurement, the gain has to be adjusted. This value is used to adjust the sensitivity of the 

photo multiplier tube. The gain adjustment is performed on the well with the highest 

concentration.   

The output of the Fluostar analysis are dimensionless numbers indicating the fluorescence in 

the well. To be able to convert these numbers to BSF concentrations, a standard series was 

analysed. BSF solutions of 0.1, 0.5, 1, 2.5, 5, 10 and 20 mg/l were used as standard series and 

200 µl of each concentration was put in the microplate. Also a blank sample that contains 

only water was included in the analysis. All the results of the samples were reduced with the 

value of this blank sample. The corrected fluorescence results of the standard series were 

plotted as shown in Fig. 3. 10. The equation of the graph was used to convert the fluorescence 

results of the samples into concentrations. The concentration of BSF in every well was known 

and thus, the concentration of BSF on the collectors could be derived. The used dilution of the 

samples has to be taken into account when calculating the concentration. Comparing the 

concentration of BSF on the collectors to the flow of the nozzles allows to calculate the 

deposition percentage. This is the ratio of the amount of BSF deposited on the collectors to 

the theoretical maximum amount of BSF that is sprayed over a surface of the same size.  

 

 

Fig. 3. 10: Plot of the fluorescence (-) of the standard series with known concentrations of BSF (mg/l). 

3.7.4 Recovery tests 

A recovery test was performed to control if the entire deposition of BSF on leek, cabbage and 

filter paper was recovered by rinsing. A volume of 40 µl was applied to the filter paper, 

cabbage and leek. This is approximately the same volume which is normally applied to the 
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surfaces by an ISO 04 nozzle with a spray pressure of 4.0 bar at a speed of 4 km/h. The 

collectors were rinsed and the samples were pipetted in the microplate for analysis with the 

Fluostar.  

3.7.5 Statistical analysis 

Statistical tests were performed with the software R (CRAN (Comprehensive R Archive 

Network)).  

The effect of position (1 to 5) on the deposition percentage for the entire dataset was analysed 

using a one-way ANOVA. The effect of leaf age of cabbage is analysed using a two-way 

ANOVA in which the interaction between the leaf age and the nozzle is taken into account.  

The results of the recovery tests are interpreted by calculating the 95% confidence interval of 

the five observations of the different collectors. If the mean values are significantly different 

from 100, the mean is taken as the correction factor for recovery.  

The significant differences in deposition of the different nozzles are analysed per collector. 

First one-way ANOVA (in case of Teflon, water, leek and filter) and two-way ANOVA (in 

case of  cabbage) is done to check whether there is a significant effect of nozzle. In case of 

significant nozzle effects, a Tukey’s post-hoc test was done to compare the different nozzles 

pairwise. A P-value < 0.05 was considered to be statistically significant. 

3.8 Conclusion 

This chapter presents the methods to measure droplet and impact characteristics. The used 

methods were partially chosen based on the availability of the equipment. For example, the 

static contact angle of the droplets was measured instead of the dynamic values on the 

different surfaces because the available device is not able to measure the dynamic contact 

angle and contact angle hysteresis.  

The surface tension of a solution can be calculated using the Young equation (eq. 2.8), when 

the contact angle of two solutions on a specific homogeneous surface and the surface tension 

of one of the solutions are known (Hartland, 2004). It is difficult to measure the liquid-solid 

interfacial energy. Therefore we did not use this method but we measured the surface tension 

directly using the Droplet Shape Analysis device. 
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Many works (e.g., Crooks et al., 2001; Rioboo et al., 2002; Šikalo et al., 2005 a) also studied 

the impact of droplets with a high speed CCD camera. But the production of droplets was in 

most cases different from our method. Mostly, microdrop generators were used to produce 

single droplets on demand or in continuous mode. The advantages of the microdrop generator 

are the generation of similar droplets of which the diameter and velocity can be varied by 

changing the settings of the device or using needle tips with different diameters. Since only 

one droplet is produced, the impact can be studied very well without other droplets 

interrupting the view. In this study droplets produced by real agricultural nozzles were used 

for different reasons. First, a whole range of droplets is produced and can be studied at once. 

Second, the studied droplets are the kind of droplets that are produced in real spray 

applications. So the results of the study are practically more relevant. Also, it gives the 

opportunity to compare different nozzle types and sizes. And last, the piezoelectric microdrop 

generator we had available produced droplets with the desired diameter but high droplet 

velocities above 8 m/s could not be reached. Therefore, the important transition zone between 

rebound and splash could not be found using the available microdrop generator.  

In this study droplets were classified in the different impact classes using the Weber number 

(eq. 2.4). Some authors also take viscosity or gravity into account by using the Reynolds 

number (eq. 2.5), Ohnesorge number (eq. 2.6), Bond number (see 2.2.1) or a combination 

(e.g., Mundo et al., 1995; Range and Feuillebois, 1998). Since the viscosity of Plant 

Invigorator and water are the same, taking into account the Reynolds number by using the 

Ohnesorge number would not make a difference for the critical number of transition between 

two impact types. As stated before, gravity does not influence the impact of the droplets 

produced by the used nozzles (see 2.2.1). Therefore, the Bond number was not used to 

classify the droplets either. Capillary number ( ) could also have been used. 

However, since it does not contain the diameter it would be less interesting to use this number 

to classify impact. The Weber number was used in this study because it includes both 

diameter, velocity and surface tension. Additionally, the Weber number puts diameter and 

velocity relative against each other. With decreasing droplet diameter, the velocity needs to be 

larger to reach the critical Weber number (Rioboo et al., 2008). 

We chose to measure the droplet spectrum using PDPA instead of PMS (Particle Measuring 

System) or the Malvern Particle sizer. This last one is mainly used to determine the droplet 

size distribution but we are also interested in the velocity. Compared to PMS, PDPA can 

measure smaller droplets (< 100 µm). Also more large droplets can be detected with PDPA. 
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PDPA gives lower values for the VMD than PMS (Tuck  et al., 1997). Both methods are 

proved to be good but the results cannot be compared unless reference material is used (Tuck 

et al., 1997). The results have to be discussed separately per test. For PDPA, a larger sample 

volume is needed, 10000 droplets instead of 3000 for PMS (Tuck et al., 1997). Because of the 

better measurement of smaller and larger droplets, we decided to use PDPA.  

The roughness and wettability of a surface can also be determined by comparing the contact 

angle of a certain fluid on the different surfaces. We decided to examine surface roughness by 

SEM. That makes it possible not only to classify the surfaces relative to each other but to see 

the differences in the structures of the surfaces.   
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4 Results and discussion 

 

4.1 Droplet and surface characteristics 

4.1.1 Contact angle 

The static contact angle of water droplets on different surfaces is presented in Fig. 4. 1. There 

is no significant difference between the contact angle of water on cabbage and on Teflon (F1,18 

= 0.0106, p = 0.9192 > 0.05).  

 

Fig. 4. 1: Contact angle of water droplets on different surfaces. 

An important three-factor interaction between plant, leaf and position was found for leek 

(F4,36 = 3.9694, p = 0.009 < 0.05). The main effects of plant (F1,36 = 27.6, p = 0.0000006 < 

0.05), leaf (F2,36 = 15.1275, p = 0.00001 < 0.05) and position (F2,36 = 6.0865, p = 0.005 < 

0.05) have a significant influence on the contact angle of water droplets on leek. Despite these 

significant differences, there is no trend in the variation of the contact angle with leaf or 

position in both plants. No conclusions about the hydrophobicity of the three leaves and the 

three positions can be made.   

The contact angle of droplets of Plant Invigorator (2 ml/l) is measured on Teflon and is 109° 

± 6.1 while it was 138.6° ± 4.75 with water. By reducing the contact angle significantly 

compared to water (F1,18 = 151.24, p = 0.3·10
-9

 < 0.05), Plant Invigorator leads to more 

wettability.  
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Apple and pear have contact angles below 90° and are hydrophilic (Reyssat et al., 2006). 

Leek, cabbage and Teflon are hydrophobic with cabbage and Teflon tending to 

superhydrophobicity (Reyssat et al., 2006). The standard deviation of Teflon (4.75°) is less 

than the one of cabbage (7.17°). This was expected because Teflon surfaces are less variable 

than the cabbage leaves. The contact angle of Teflon is smaller than proved in literature 

( ) (van der Wal and Steiner, 2007). The surface topography of the slides can be 

different depending on the production method and therefore the roughness changes (van der 

Wal and Steiner, 2007). Probably, the Teflon slides used in this study had less intrinsic 

roughness than the ones used by van der Wal and Steiner (2007).  

The differences in contact angle on leek can be explained by the grooved surface topography 

of the leaves (Fig. 4. 2 b). Leek is a monocotyl and has parallel veins at a distance of ± 25 µm 

of each other. Kannan and Sivakumar (2008) proved that droplets can have a contact angle of 

135° in the direction perpendicular to the grooves and only have a contact angle of 107° in the 

direction parallel to the grooves. So depending on the position of the leaf to the camera, the 

measured contact angle can be the one perpendicular or parallel to the direction of the 

grooves.  

4.1.2 Surface tension and viscosity of Plant Invigorator 

The mean surface tension of Plant Invigorator was 0.0229 ± 0.0009 N/m which is 

significantly smaller than that of distilled water (0.073 N/m) or tap water (0.060 N/m). This 

caused the lower static contact angle for Plant Invigorator on Teflon compared to water (see 

4.1.1).   

The viscosity of Plant Invigorator did not significantly differ from the viscosity of water 

(0.001 Pa·s) (F1,58 = 0.02, p = 0,99 > 0.05).  

4.2 Characterisation of the surface roughness with SEM 

The results of the scanning electron microscopy of the cabbage, leek, apple and pear surfaces 

are shown in Fig. 4. 2. Apple and pear have a smooth surface compared to cabbage and leek, 

the cells are visible but less pronounced compared to cabbage cells. The superhydrophobic 

structures as mentioned in section 2.2.6 (see Fig. 2.  19) are not visible on the cabbage. Also 

in Fig.  I (see appendix) where the magnification is much larger, the superhydrophobic 
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structures were still not visible. Maybe they were eroded due to transportation and friction of 

the leaves against each other (see section 2.2.6).   

The SEM image of leek (Fig. 4. 2 b) shows an inhomogeneous surface. The parallel veins are 

clearly visible but some parts of the surface are covered with an unfamiliar structure. This 

structure does not show a regular pattern on the leaf (Fig.  II a, see appendix). This could 

cause variation in adherence and rebound of water droplets on leek and might be a reason for 

the varying contact angle on leek. Older leaves contain more of these structures (Fig.  III) and 

the amount of coverage with these structures also varies with the position on the leaf (Fig.  II). 

The leaf contains more of these structures at the base (close to the shaft) and less at the tip. It 

is possible that the observed structures are fungal but no macroscopic indications of fungi 

were visible on the leaves.  

 

Fig. 4. 2: SEM images of : a, cabbage (Brassica oleracea); b, leek (Alium ampeloprasum var porrum); c, apple 

(Malus domestica) and d, pear (Pyrus communis). 

The parallel veins of the leek (Fig. 4. 2 b) influence the behaviour of impinging droplets 

(Kannan and Sivakumar, 2008). The spreading of the droplet and the contact angle is larger in 

the direction of the grooves than in the direction perpendicular to the grooves (Kannan and 
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Sivakumar, 2008). A droplet impacting in the direction of the grooves under a certain impact 

angle will probably show a different impact than a droplet impinging in the direction 

perpendicular to the grooves. This is not further elaborated here because the grooves on the 

leek leaves have a much lower magnitude (20 µm between two grooves) than the grooves on 

the surfaces used in Kannan and Sivakumar (2008) (125 µm between two grooves).  

4.3 Droplet impact analysis with high speed camera 

4.3.1 Preliminary remarks 

Variation in adherence, rebound and splash on the different collector types was visible on the 

videos. Droplets did not adhere, rebound or splash in the same way every time. Transition 

states between the three main types of impact occurred and corresponded to specific ranges of 

Weber numbers. It should be remarked that not all droplets within these Weber number ranges 

showed the transition impact types. On apple and pear, these transitions were not as obvious 

as on cabbage, Teflon and leek. On apple and pear, hardly no rebound occurred and most of 

the droplets adhered and showed spreading factors up to four. The splashing droplets on apple 

and pear did not have as much secondary droplets as those on Teflon, cabbage and leek. Some 

authors, e.g., Mundo et al. (1995) and Rioboo et al. (2002), already mentioned that roughness 

favours the splashing but nothing was told about the amount of secondary droplets. The 

transition states described below occur on the cabbage, Teflon and leek surfaces. 

The adhering droplets can be divided in three subtypes. At the lowest Weber numbers (We < 

±0.1 for cabbage and Teflon, We < ±0.2 for leek and We < ±1 for apple and pear), the 

droplets impinged on the surface and stuck without showing deformation or spreading. 

Rioboo et al. (2008) already mentioned that droplets with a low velocity are not strongly 

deformed. This is because surface tension dominates the small kinetic energy (Reyssat et al., 

2006). With increasing kinetic energy and thus Weber number, the droplets spread and adhere 

to the surface. In some cases, droplets impacted and stuck to the surface after showing 5 to 10 

oscillations before reaching the static equilibrium state (viz. ±1 < We < ±4 for cabbage, ±0.2 < 

We < ±100 and ±1 < We < ±30 for apple and pear). This was not observed on Teflon. The 

kinetic energy is high enough to induce small recoils on the top of the droplet but not high 

enough to overcome the adhesive forces between the liquid and the surface. The droplets in 

these Weber number ranges are in the transition state between adherence and rebound. 
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Variation in the behaviour of rebounding droplets was also observed. A larger Weber number 

causes more spreading before recoil (Rioboo et al., 2008). The behaviour of the droplet after 

recoiling was very fluctuating. The difference between the velocity before and after impact 

(Δv) can be small or large depending on the energetic transformations during the phases of 

impact. Large spreading leads to more viscous dissipation (Ed in eq. 2.7) (Crooks et al., 2001) 

and a larger Δv. The droplets with the smallest Weber number showed the smallest Δv and 

droplets with larger Weber numbers led to larger Δv’s. This was observed on the videos but 

no specific We numbers can be given because the secondary velocity of the rebounding 

droplets was not calculated.  

Droplets with a Weber number a little smaller than the critical Weber number for transition 

between rebound and splash showed a transition type of impact on cabbage and Teflon 

surfaces (viz. ±15 < We < ±80 for Teflon, ±70 < We < ±140 for cabbage). These droplets 

impacted and rebounded but a few very small droplets were left behind and stuck to the 

surface. However, the main volume of the initially impacting droplet did rebound as one 

droplet. This was not observed on apple, pear and leek. This phenomenon was already 

explained by Reyssat et al. (2006). When the droplet recoils after reaching its maximal 

spreading, tiny droplets remain at the top of the microstructures (Fig.  IV, see appendix). 

Droplets in the rebound/splash transition showed splashing resulting in one large rebounding 

droplet and smaller shattered droplets (±100 < We < ±150 for Teflon, ±150 < We < ±850 for 

cabbage and ±150 < We < ±230 for leek). In some cases the large droplet adhered to the 

surface while the smaller droplets were shattered (±200 < We < ±400 for Teflon, ±220 < We 

< ±550 for cabbage and ±200 < We < ±500 for leek). These are both transition types for the 

complete splashing where the droplet is totally shattered into small droplets that flow away or 

stick to the surface.  

Splashing droplets produced by an air inclusion nozzle threw away a jet like structure on top 

of the droplet, while the remaining liquid shattered into small pieces (Fig.  V, see appendix).  

A special kind of impact called partial rebound or pinning was detected. The bottom part of 

the impacting droplet adhered to the surface while the top was separated and rebounded. In 

most cases, the rebounding part was larger in volume than the adhering part. This impact type 

was observed on Teflon, cabbage and leek but not on apple and peer. This is according to 

Reyssat et al. (2006) (see section 2.2.5) who mentioned that pinning occurs especially on 

superhydrophobic surface. Since this phenomenon was also observed on leek, a hydrophobic 
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surface, it can be concluded that pinning is not excluded to superhydrophobic surfaces. The 

ranges of Weber number wherein partial rebound happened cannot be given because there 

were not enough observations.    

Sometimes, droplets impacted on positions that were already wet from earlier droplets in the 

spray. The influence of these wet surfaces depended on the surface. On cabbage, Teflon and 

leek, wet surfaces favoured adherence. These observations are in accordance with Quéré 

(2005) who mentioned that wet surfaces increase the wettability. On apple and pear, for 

Weber numbers below 200, wet surfaces induced spreading and adherence. For larger Weber 

numbers, the splashing of the water droplets impacting on a surface covered with water was 

more pronounced. The crown formation was larger and more secondary droplets were 

shattered than in case of a dry surface. Vander Wal et al. (2006) already mentioned that 

splashing occurs at lower Weber numbers in case of impact on a thin liquid film and Cossali 

et al. (1997) told that the amount of splash and secondary droplets decreases when the solid is 

wet. This seems to be correct for hydrophilic surfaces but not for hydrophobic ones.  

On Teflon and cabbage, a video was taken during spraying with SB Plant Invigorator. These 

droplets showed more spreading and adherence on the superhydrophobic surfaces. A lot of 

authors already proved that a decrease in surface tension increases the percentage of 

adherence (e.g., Crooks et al., 2001; Xu et al., 2010). 

4.3.2 Video processing and analysis  

For each surface and spray product, the results of the video analysis are given in Fig. 4. 3 - 

Fig. 4. 20. The diameter and velocity of the observed droplets are indicated and the line of 

critical Weber number for impact transition is presented on the graph. For each model, the 

misclassification table and the residual mean deviance (RMD) indicate the goodness of fit of 

the tree based models (Table 4. 2). The results of the logistic regression are given and 

compared with the results of the Tree Based Modelling. The critical Weber numbers for 

logistic regression are interpreted as the Weber number for which the probability of one 

impact exceeds the probability of the other impact. As mentioned before, the air inclusion 

nozzle is treated separately.  

For Teflon, both the tree based model and the logistic regression show the same results for the 

critical Weber numbers (Fig. 4. 2 - Fig. 4. 6). They are estimated to be approximately 0.1 and 
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100 for the standard flat fan nozzles with some variation between the nozzles (Table 4. 1). 

The air inclusion nozzle shows more or less the same rebound/splash transition but the Weber 

number for transition between adherence and rebound is smaller (Fig. 4. 5). Also, the 

distinction between adherence and rebound is less obvious for the air inclusion nozzle (Fig. 4. 

6).  

On cabbage (Fig. 4. 7) the critical Weber numbers are comparable to the ones of Teflon (Fig. 

4. 3). The probability of rebound always exceeds the probability of adherence, even at low 

Weber numbers (Fig. 4. 8). The transition to splash is more pronounced and the logistic model 

curve is very steep.  

 

Fig. 4. 3: Diameter (µm) and velocity (m/s) of the water droplets of the 11001VS, 11004VS and 11008VS 

nozzles, observed on Teflon with their respective impact (adherence = blue, rebound = red and splash = green). 

The lines indicate the critical Weber number of transition between two impacts. 

 

Fig. 4. 4: Probability of impact of water droplets of the nozzles 11001VS, 11004VS and 11008VS on Teflon in 

function of the Weber number, predicted by the logistic model (lines). For comparison, the impact of the 

observed droplets indicated by their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound 

= red, splash = green).  
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Table 4. 1: Critical Weber numbers determined with tree based modelling for the different nozzles and the 

different surfaces. (top: rebound/splash; bottom: adherence/rebound) 

 
Teflon Cabbage Apple Pear Leek 

11001VS 
/ / / / / 

0.077 / / / / 

11004VS 
94.12 146.7 292.3 286.2 97.42 

0.11 0.101 / / / 

11008VS 
176.15 / 343.8 / / 

0.2133 / / / / 

AI11008VS 
109.04 / 205.21 / / 

0.049 / / / / 

/ 

 

 

Fig. 4. 5: Diameter (µm) and velocity (m/s) of the water droplets of the AI11008VS nozzle, observed on Teflon 

with their respective impact (adherence = blue, rebound = red and splash = green). The lines indicate the critical 

Weber number of transition between two impacts.  

 

Fig. 4. 6: Probability of impact of water droplets of the nozzle AI11008VS on Teflon in function of the Weber 

number, predicted by the logistic model (lines). For comparison, the impact of the observed droplets indicated by 

their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, splash = green).  
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Fig. 4. 7: Diameter (µm) and velocity (m/s) of the water droplets of the 11004VS nozzle, observed on cabbage 

with their respective impact (adherence = blue, rebound = red and splash = green). The lines indicate the critical 

Weber number of transition between two impacts. 

 

Fig. 4. 8: Probability of impact of water droplets of the nozzle 11004VS on cabbage in function of the Weber 

number, predicted by the logistic model (lines). For comparison, the impact of the observed droplets indicated by 

their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, splash = green).  

The hydrophilic leaves of apple and pear show larger critical Weber numbers. The transition 

to splash occurs at larger Weber numbers and rebound is reduced a lot in case of apple and 

does not occur in case of pear. The transition between adherence and rebound cannot be found 

anymore by tree based modelling pruned to three end nodes. The standard flat fan nozzles 

have a critical Weber number for rebound/splash on apple of 298.3 (TBM, Fig. 4. 9) and 450 

(logistic regression, Fig. 4. 10). This is comparable to the ones of the air inclusion nozzle 

which are 205.2 (TBM, Fig. 4. 11) and 415 (logistic regression Fig. 4. 12). Again, there was 

some variation on the critical Weber numbers on apple for the different nozzles (Table 4. 1). 

On pear, the critical Weber numbers are 286.2 (TBM, Fig. 4. 13) and 300 (logistic regression, 

Fig. 4. 14).   
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Fig. 4. 9: Diameter (µm) and velocity (m/s) of the water droplets of the 11004VS and 11008VS nozzles, 

observed on apple with their respective impact (adherence = blue, rebound = red and splash = green). The line 

indicates the critical Weber number of transition between adherence/rebound and splash. 

 

Fig. 4. 10: Probability of impact of water droplets of the nozzles 11004VS and 11008VS on apple in function of 

the Weber number, predicted by the logistic model (lines). For comparison, the impact of the observed droplets 

indicated by their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, splash = 

green).  

 

Fig. 4. 11: Diameter (µm) and velocity (m/s) of the water droplets of the AI11008VS nozzle, observed on apple 

with their respective impact (adherence = blue, rebound = red and splash = green). The line indicates the critical 

Weber number of transition between adherence/rebound and splash. 
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Fig. 4. 12: Probability of impact of water droplets of the AI11008VS on apple in function of the Weber number, 

predicted by the logistic model (lines). For comparison, the impact of the observed droplets indicated by their 

Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, splash = green).  

 

Fig. 4. 13: Diameter (µm) and velocity (m/s) of the water droplets of the 11004VS nozzle, observed on pear with 

their respective impact (adherence = blue, rebound = red and splash = green). The line indicates the critical 

Weber number of transition between adherence and splash. 

 

Fig. 4. 14: Probability of impact of water droplets of the nozzle 11004VS on pear in function of the Weber 

number, predicted by the logistic model (lines). For comparison, the impact of the observed droplets indicated by 

their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, splash = green). 
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It is difficult to find a transition between adherence and rebound on leek since both impact 

types occur at droplets with Weber numbers from 0 to approximately 100 (Fig. 4. 15). 

Therefore, only the transition between adherence or rebound and splash can be found with 

tree based modelling. The critical Weber number is 97.42 which is corresponding with the 

logistic regression. Below Weber number 10, the probability for rebound and adherence is 

similar. Between 10 and 100, rebound is more likely than adherence (Fig. 4. 16).  

 

 

Fig. 4. 15: Diameter (µm) and velocity (m/s) of the water droplets of the 11004VS nozzle, observed on leek with 

their respective impact (adherence = blue, rebound = red and splash = green). The line indicates the critical 

Weber number of transition between adherence/rebound and splash. 

 

Fig. 4. 16: Probability of impact of water droplets of the nozzle 11004VS on leek in function of the Weber 

number, predicted by the logistic model (lines). For comparison, the impact of the observed droplets indicated by 

their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, splash = green).  
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Plant Invigorator droplets on Teflon and cabbage are given. Comparing this to the results of 

water droplets on Teflon and cabbage (Table 4. 1) confirms the influence of Plant Invigorator 
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on droplet impact. The critical Weber number for transition between rebound and splash is 

increased and the fraction of rebounding droplets is reduced a lot, especially on Teflon where 

the transition between rebound and adherence is no longer distinguishable. For cabbage, the 

critical Weber number between adherence and rebound is increased to 4.059 compared to 0.1 

in case of water droplets.  

 

 

Fig. 4. 17: Diameter (µm) and velocity (m/s) of the Plant Invigorator droplets of the 11004VS nozzle, observed 

on Teflon with their respective impact (adherence = blue, rebound = red and splash = green). The line indicates 

the critical Weber number of transition between adherence/rebound and splash. 

 

Fig. 4. 18: Probability of impact of droplets of Plant Invigorator of the nozzle 11004VS on Teflon in function of 

the Weber number, predicted by the logistic model (lines). For comparison, the impact of the observed droplets 

indicated by their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, splash = 

green). 
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Fig. 4. 19: Diameter (µm) and velocity (m/s) of the Plant Invigorator droplets of the 11004VS nozzle, observed 

on Cabbage with their respective impact (adherence = blue, rebound = red and splash = green). The lines indicate 

the critical Weber numbers of transition between adherence, rebound and splash. 

 

Fig. 4. 20: Probability of impact of droplets of Plant Invigorator of the nozzle 11004VS on cabbage in function 

of the Weber number, predicted by the logistic model (lines). For comparison, the impact of the observed 

droplets indicated by their Weber number is added (dots, arbitrary y-scale). (adherence = blue, rebound = red, 

splash = green). 
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impact are more likely to be misclassified than other droplets (see section 4.3.1). For example 

the droplets which show oscillations on cabbage are in the Weber number range ±1 to ±4. But 

these adhering droplets lie completely in the rebound zone according to the results of the 

TBM (Fig. 4. 3). 

Table 4. 2: Misclassification tables related to the results of the tree based modelling for the different experiments 

with A = adherence, R = rebound and S = splash: (a), 11001VS, 11004VS and 11008VS on Teflon (water); (b), 

AI11008VS on Teflon (water); (c), 11004VS on cabbage (water); (d), 11004VS and 11008VS on apple (water); 

(e), AI11008VS on apple (water); (f), 11004VS on pear (water); (g), 11004VS on leek (water); (h), Plant 

Invigorator on Teflon (11004VS) and (i), Plant Invigorator on cabbage (11004VS). The model is good when the 

matrices have the largest values on the head diagonal. 

 

(a) 

F
ro

m
 

Classified into 

 A R S 

A 71 21 0 

R 10 171 1 

S 0 1 32 

RMD = 0.1086 

(b) 

F
ro

m
 

Classified into 

 A R S 

A 10 6 0 

R 5 74 0 

S 0 1 16 

RDM = 0.1101 

(c)  

F
ro

m
 

Classified into 

 A R S 

A 19 7 0 

R 4 76 0 

S 0 1 21 

RMD = 0.0959  

(d) 

F
ro

m
 

Classified into 

 A/R S  

A/R 282 21  

S 4 38  

    

RMD = 0.1227 

(e)  

F
ro

m
 

Classified into 

 A/R S  

A/R 108 6  

S 0 10  

    

RMD = 0.165 

(f) 
F

ro
m

 

Classified into 

 A/R S  

A/R 136 2  

S 3 9  

    

RMD = 0.0338 

(g)  

F
ro

m
 

Classified into 

 A/R S  

A/R 105 2  

S 0 23  

    

RMD = 0.227 

(h) 

F
ro

m
 

Classified into 

 A/R S  

A/R 47 3  

S 0 10  

    

RMD = 0.103 

(i) 

F
ro

m
 

Classified into 

 A R S 

A 56 5 0 

R 0 40 2 

S 0 0 13 

RMD = 0.062 

 

It can be concluded that the critical Weber numbers for transition of impact type depend on 

the surface and on the fluid. This is acceptable since Rioboo et al. (2008) mentioned that the 

critical Weber number depends on the contact angle and that variations in the adherence 

adherence/rebound transition are due to differences in hysteresis (see 2.2.2). The critical 
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Weber numbers on polypropylene superhydrophobic surfaces were 0.2 for transition between 

adherence and rebound, and 60 for rebound/splash transition (Rioboo et al., 2008). The static 

contact angle of polypropylene is 150°. This is comparable to the static contact angle of the 

cabbage and the Teflon. The differences between the critical Weber numbers for propylene 

(Rioboo et al., 2008) and the ones we found for cabbage and Teflon are probably caused by 

different hysteresis. This cannot be proved since we have no information about the hysteresis 

on the different used surfaces.  

Thus in order to find a general critical number which is applicable for different surfaces the 

critical Weber number should be adapted for contact angle and hysteresis.  

Investigation of the critical Weber numbers of the 11004VS nozzle for water and Plant 

Invigorator on Teflon and cabbage (Fig. 4. 17, Fig. 4. 19 and Table 4. 1) shows that the 

adherence/rebound and the rebound/splash boundaries were not shifted parallel. For both 

cabbage and Teflon, the upper critical Weber number (rebound/splash) was increased with a 

factor ±3 by using Plant Invigorator instead of water. Whereas, the lower critical Weber 

number (adherence/rebound) increased with a factor 40 for cabbage and disappeared for 

Teflon. When the upper critical Weber number for Plant Invigorator is multiplied by the ratio 

of the surface tension of Plant Invigorator to the surface tension of tap water, it approximates 

the critical Weber number for water (Table 4. 3). This means that the surface tension of the 

fluid is no determining factor for the upper critical Weber number.  

Table 4. 3: Critical Weber numbers for rebound/splash transition of the 11004VS nozzle for water and Plant 

Invigorator (PI) on cabbage and Teflon.  

Critical We Cabbage Teflon 

Wec, PI 403.8 228.4 

Wec, H2O 146.7 94.1 

Wec, PI ·  403.8 · 0.023/0.060  

= 154.8 

228.4 · 0.023/0.060  

= 87.4 

 

We can conclude that the critical Weber numbers are specific for a surface and liquid. We 

found that the corrected critical Weber number (Table 4. 3) for transition between rebound 

and splash is valid independent of the fluid (tap water or Plant Invigorator). The lower critical 

Weber number is not generally valid independent of the fluid, therefore we expect that 

another quantity might be required to describe the process in full. The actual critical number 
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depends on Weber number, contact angle and on the hysteresis (Rioboo et al., 2008) and 

cannot be generalised for fluid.  

4.4 PDPA laser spectrum analysis 

The 11001VS nozzle produces the smallest and slowest droplets (Fig. 4. 21 and Fig. 4. 22). 

The 11004VS and 11008VS nozzles produce droplets with comparable sizes and velocities, 

the droplets are larger and faster than the ones from the 11001VS (Fig. 4. 21 and Fig. 4. 22). 

The AI11008VS nozzle produces slower (Fig. 4. 21) but larger (Fig. 4. 22) droplets than the 

11008VS nozzle. This is in agreement with Nuyttens et al. (2004) (see 2.1.2).  

The air inclusion nozzle has the largest volume of droplets with a large Weber number and the 

11001VS nozzle has the largest volume of droplets with a small Weber number (Fig. 4. 23). 

Again, there is not much difference between the 11004VS and 11008VS nozzles and their 

volumetric distribution in function of Weber number lies in between the ones for the 

11001VS and the AI11008VS nozzles.  

 

Fig. 4. 21: Volumetric droplet velocity distribution of the total scan of the four nozzles (11001VS = orange, 

11004VS = red, 11008VS = grey and  AI11008VS = black) measured at 4.0 bar.  
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Fig. 4. 22: Volumetric droplet diameter distribution of the total scan of the four nozzles (11001VS = orange, 

11004VS = red, 11008VS = grey and  AI11008VS = black) measured at 4.0 bar.  

 

 

Fig. 4. 23: Volume percentage as a function of the Weber number of the total scan of the four nozzles (11001VS 

= orange, 11004VS = red, 11008VS = grey and  AI11008VS = black) measured at 4.0 bar.   

 

Besides nozzle size and type, spray pressure is a determining factor for the droplet spectrum 

(Nuyttens et al., 2007) (see 2.1.2). Fig.  VI and Fig.  VII (see appendix) show the influence of 

the spray pressure on the volumetric velocity and diameter distribution of the tested nozzles. 
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In general for all the nozzles, a lower pressure resulted in larger and slower droplets. This was 

already mentioned in section 2.1.2 by Nuyttens et al. (2009). Comparing the ISO 04 and ISO 

08 nozzle in Fig.  VI and Fig.  VII (see appendix) shows that the effect is more pronounced 

with a larger increase in pressure.  

The droplet spectrum of a spray changes according to the position in the elliptical spray 

pattern. These changes were examined comparing the total scan of the nozzles with the scan 

in the centre of the spray cone (Fig.  VIII, Fig.  IX and Fig.  X, see appendix). The 11001VS 

nozzle produces slower droplets in the centre of the spray cone (Fig.  VIII). The 11004VS 

nozzle also produces slower droplets in the centre, but the difference is smaller compared with 

the ISO 01 nozzle. A large effect of position on droplet velocities was found for the 11008VS 

and the AI11008VS nozzles, with faster droplets in the centre of the spray cone.  

The influence of the position in the spray cone on the volumetric diameter distribution is 

given in Fig.  IX. The 11001VS nozzle produces more small droplets in the centre. For the 

11004VS nozzle, there is not much influence of the position in the spray on the diameter 

distribution. The 11004VS nozzle has the most homogeneous droplet distribution along the 

elliptical spray cone. The ISO 08 nozzle has more large droplets in the centre. The centre of 

the ISO 08 air inclusion nozzle contains more small en less large droplets compared to the 

total scan.  

Fig.  X and Fig.  XI show the influence of the position in the spray cone on the volumetric 

distribution of the Weber number. The 11001VS nozzle has more droplets with a smaller 

Weber number in the centre. The 11008VS nozzle has more droplets with a larger Weber 

number and the effect is more pronounced for the standard flat fan nozzle than for the air 

inclusion nozzle. As expected for the 11004VS nozzle, the position does not affect the 

volumetric Weber number distribution.  
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4.5 Deposition tests 

The results of the recovery test are given in Table 4. 4.  

Table 4. 4: Recovery (%) (Mean ± Standard deviation) of BSF (5 g/l) from different collectors. 

    95% confidence interval 

  Mean ± SD Lower limit Upper limit 

Filter paper 56.0 ± 1.15 54.70 57.34 

Leek 85.7 ± 12.31 71.53 99.84 

Old cabbage 103.2 ± 16.98 83.70 122.74 

Young cabbage 93.8 ± 6.18  86.70 100.90 

 

The mean values of filter paper and leek leaves are significantly different from 100 since 100 

is not included in the 95% confidence interval. This means that the deposition on leek and on 

filter paper obtained in the deposition tests should be corrected using these recovery figures. 

A factor of 0.56 is used to correct the deposition on the filter, and a correction factor 0.857 is 

used for the deposition on leek.  

The deposition of BSF on the collectors was not significantly influenced by the position (1 to 

5) of the collector (F4,295 = 0.1787; p = 0.9493 > 0.05) indicating a uniform spray boom 

distribution. There were no interaction effects of position with the surface, repetition or 

nozzle. Consequently, the positions will be seen as five repetitions resulting in fifteen instead 

of three repetitions per surface-nozzle combination.  

During the experiments, it became clear that there was a difference in deposition on young 

and old cabbage leaves (F1,36 = 6.7008, p = 0.01382 < 0.05). On the eldest leaves of the plant, 

more adherence was observed than on the younger leaves of the plant. This difference is true 

for all the nozzles since there is no significant interaction between nozzle and leaf age (F1,36 = 

0.9471, p = 0.33696 > 0.05).  

Adjusting Table I (see appendix) for the recovery test, positions and age of the cabbage 

results in Table II (see appendix). Of these data, for each nozzle-surface combination, the 

mean deposition value and standard deviation were calculated and presented in Fig. 4. 24 and 

Table 4. 5. 
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Fig. 4. 24: Mean value and standard deviation of the percentage of deposition of BSF of the nozzles (11001VS = 

orange, 11004VS = red, 11008VS = white and AI11008VS = grey) on the different collectors (Teflon, Filter, Old 

and Young cabbage, Leek and Water).  

 

Table 4. 5: Deposition of BSF (%) (Mean ± SD) on different collectors after spraying with different nozzles 

(11001VS, 11004VS, 11008VS and AI11008VS). Means in the same column followed by letter combinations of 

equal length (both 1 or 2 letters) which are the same are not significantly different. Means followed by letter 

combinations of a different length are not significantly different if the smallest combination is a subset of the 

largest combination.  

Nozzle Teflon Filter paper Old cabbage 
Young 

cabbage 
Leek Water 

11001VS 
70.77 ± 8.43

a
 77.43 ± 17.08

a
 54.22 ± 5.41

a
 25.25 ± 8.94

a
 54.68 ± 12.11

a
 74.49 ± 5.72

a
 

11004VS 
43.92 ± 5.62

b
 86.32 ± 12.20

a,b
 45.79 ± 15.28

a
 19.41 ± 3.68

a,b
 51.16 ± 9.95

a
 72.92 ± 15.81

a
 

11008VS 
48.21 ± 8.42

b
 89.55 ± 13.83

c,b
 47.57 ± 5.79

a
 26.68 ± 5.81

a,c
 50.09 ± 8.53

a
 74.02 ± 10.92

a
 

AI11008VS 
53.23 ± 18.51

b
 97.93 ± 15.09

b
 25.13 ± 13.41

b
 32.06 ± 9.22

d
 53.73 ± 16.50

a
 111.95 ± 24.03

b
 

 

The deposition on leek does not depend on nozzle type (F3,56 = 0.4692, p = 0.705 > 0.05). On 

Teflon (F3,56 = 16.153, p = 0.1·10
-6

 < 0.05), water (F3,56 = 22.309, p = 0.1·10
-8 

< 0.05) and 

filter paper (F3,56 = 5.0139, p = 0.0038 < 0.05), there is a significant effect of nozzle (Table 4. 
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5). For cabbage, there is a significant interaction term of nozzle and age (F3,52 = 9.6283, p = 

0.037· 10
-3 

< 0.05) (Table 4. 5).  

The differences between deposition on the hydrophilic surfaces (filter paper and water), the 

hydrophobic surface (leek) and the superhydrophobic surfaces (Teflon and cabbage) are 

clearly visible (Fig. 4. 24). The more hydrophobic the surface, the lower the measured 

deposition. Old cabbage leaves show more deposition than young ones. This is because the 

roughness on the leaves is damaged by friction, wind and weather conditions (Koch and 

Barthlott, 2009). On water and filter paper, it was expected that all deposition would approach 

100%. The fact that deposition was significantly lower can be explained by the presence of air 

currents which take up the droplets and hinder them to impact on the surface. This theory was 

developed by Spillman (1984) and elaborated in detail in section 2.1.3 of this thesis. The 

deposition on water and filter paper increases with increasing nozzle size. This is partly 

because of the higher loss factor due to drift in case of nozzles with a smaller droplet size 

(Auweter et al., 2010). Also, larger droplets are more likely to be captured by the surface 

because they resist the changes in the air currents better (Spillman, 1984) (see section 2.1.3). 

A remarkable result is the high deposition percentage of the air inclusion nozzle on water.  

For the hydrophobic surfaces, the 11001VS  nozzle tends to show the best results followed by 

the air inclusion nozzle. The 11004VS and 11008VS nozzle generally show an intermediate 

deposition and are very similar (F1,112 = 0.8678, p = 0.3536 > 0.05). This is comparable to the 

results of the PDPA laser spectrum analysis (see 4.4).  

4.6 Combination of PDPA and video results 

Fig.  XIII shows that the visualised droplets are a representative fraction of the total droplet 

spectrum when the spray pressure in the PDPA setup is the same as in the experiments with 

the high-speed camera (4.0 bar for 11001VS, 3.0 bar for 11004VS, 2.4 bar for 11008VS and 

2.9 bar for AI11008VS). At a spray pressure of 4.0 bar (as in the deposition tests), the 

visualised droplets are less representative for the droplet spectrum of the PDPA (Fig.  XII, see 

appendix). This is especially true for the 11004VS nozzle where the fraction of visualised 

droplets contains the larger and slower droplets of the total spectrum (Fig.  XII b). We assume 

fixed boundaries for impact transition within the droplet spectrum and generalise the critical 

Weber numbers to hold for different spray pressures.   
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For each nozzle-surface combination the volume of the spray corresponding to the three 

impact types (‘adherence’, ‘rebound’ and ‘splash’) was calculated. This was done by 

indicating the critical Weber numbers (Table 4. 1) in the volumetric Weber number 

distributions of the nozzles (Fig. 4. 23) or by combining this volumetric distribution with the 

results of the logistic regression (Fig.  XIV - Fig.  XX see appendix). The method based on 

logistic regression is more useful than the one based on TBM. First, it takes the probabilities 

of the different impact types for a range of Weber numbers into account instead of working 

with fixed boundaries. Second, for apple and leek, the critical Weber number for 

adherence/rebound transition could not be found with TBM but logistic regression made it 

possible to calculate the probability of adherence and rebound throughout the Weber range. 

Thereby, the volume percentage of adherence and rebound could still be found for apple and 

leek. We decided to combine the video analysis results and the PDPA measurements on the 

total scan of the different nozzles at 4.0 bar, so that the results can be used for the deposition 

tests. This configuration is the best approximation of the real spraying conditions in the field. 

The results are given in Table 4. 6.  

There are only small differences between the calculated volume percentages based on the tree 

based modelling and the ones based on the logistic regression (Table 4. 6). Logistic regression 

for cabbage results in a different distribution of the spray volume between adherence and 

rebound than TBM. In Fig. 4. 8, the probability for adherence and rebound for low Weber 

numbers stabilises around 45% and 55% instead of going to ±100% and ±0%. Thus, 

according to the logistic regression, the critical Weber numbers found with TBM are 

meaningless. Therefore, the TBM method is not accurate to calculate the volume percentages 

of each impact on cabbage. The logistic regression method is more correct.  For apple, little 

differences in the percentage of splash between the two methods are found. The critical 

Weber number for rebound/splash is 298.3 with TBM and 434 with logistic regression. This 

causes the higher percentage of splashing for TBM.    
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Table 4. 6: Distribution of the spray volume over the three impact categories for different surfaces (Teflon, 

cabbage, leek, apple and pear) and different nozzles (11001VS, 11004VS, 11008VS and AI11008VS) based on 

the boundaries found with Tree Based Modelling or based on the probabilities of impact found with the logistic 

regression.   

  
Tree based Modelling Logistic Regression 

(%) 

  
Adherence Rebound Splash Adherence Rebound Splash 

Teflon 11001VS 2.55 91.09 6.37 2.98 91.93 5.59 

 
11004VS 0.59 45.77 53.64 0.72 46.25 53.03 

 
11008VS 0.52 47.47 52.01 0.65 48.63 50.72 

 
AI11008VS 0.04 20.78 79.18 0.05 22.89 77.06 

Cabbage 11001VS 2.55 94.47 2.98 10.00 86.72 3.27 

 
11004VS 0.59 49.32 50.08 2.18 47.45 50.37 

 
11008VS 0.52 53.01 46.46 2.13 50.89 46.98 

 
AI11008VS / / / / / / 

Leek 11001VS 93.96 6.04 46.10 48.98 4.92 

 
11004VS 46.58 53.42 21.28 26.46 52.26 

 
11008VS 48.37 51.63 22.00 28.15 49.85 

 
AI11008VS / / / / / 

Apple 11001VS 99.63 0.37 89.56 7.99 2.45 

 
11004VS 57.58 42.42 54.52 9.67 35.81 

 
11008VS 63.66 36.34 59.83 10.42 29.75 

 
AI11008VS 32.47 67.53 48.93 0.38 50.69 

Pear 11001VS 99.63 / 0.37 98.31 0 1.69 

 
11004VS 56.9 / 43.1 57.16 0 42.84 

 
11008VS 63.05 / 36.95 63.02 0 36.98 

 
AI11008VS / / / / / / 

 

In general (Table 4. 6), the 11001VS nozzle gives the highest percentage of adherence but the 

lowest percentage of splash in comparison with other nozzles. This is because the 11001VS 

nozzle produces the droplets with the lowest energy. The percentage of adherence of the 

11001VS nozzle increases from Teflon over cabbage, leek and apple to pear and its 

percentage of splash is largest for cabbage and Teflon and smallest for apple and pear. On 

cabbage, Teflon and leek, the largest part of the spray volume of the 11001VS nozzle goes to 

rebound and on apple and pear the largest part goes to adherence. The air inclusion nozzle 

shows the largest amount of splash compared to other nozzles for all the surfaces. The 

distribution of the spray volume of the air inclusion nozzle between adherence and rebound 

depends on the surface with more adherence on apple and more rebound on Teflon. The 

distribution of the spray volume of the 11004VS and 11008VS nozzles among ‘adherence’, 

‘rebound’ and ‘splash’ depends on the surface. Not many differences are found between the 
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11004VS nozzle and the 11008VS nozzle in Table 4. 6. This confirms what we already 

observed in the results of the PDPA (see section 4.4).  

4.7 Comparison of PDPA and videos with deposition test 

Table 4. 6 is compared with the results of the deposition tests in Table 4. 5 and important 

differences are observed. First, on the superhydrophobic surfaces (Teflon and cabbage), the 

volumetric percentages of adherence for every nozzle are very low compared to the 

percentages of deposition given in Table 4. 5. This means that next to the adhering droplets, 

also a part of the rebounding and splashing droplets are finally retained by the surface. 

Unfortunately, it is not clear which proportions of the splashing and rebounding droplets will 

adhere in the end. It depends on the velocity of the rebounded and shattered droplets, on the 

distance to the edges of the leaf, on the canopy density and on the air flow conditions (e.g. 

wind).  

The air inclusion AI11008VS nozzle shows a larger proportion of splash than the other 

nozzles. This was expected and already proved by Nuyttens et al. (2004). The proportion of 

adherence is low compared to the other nozzles, although the deposition percentage (Table 4. 

5) is clearly not smaller for the air inclusion nozzle than for the other nozzles. Again this 

means that a clear amount of rebounding and splashing droplets eventually stick to the 

surface.   

In the deposition tests (Table 4. 5) no significant difference between the nozzles was found 

for leek. Unlike in Table 4. 6, the 11001VS nozzle clearly gives more adherence than the 

other ones. Apple and pear have very similar results (Table 4. 6) with most adherence for the 

11001VS nozzle. Unfortunately, these results cannot be compared to the deposition tests 

because apple and pear were not included in the deposition tests due to the absence of leaves 

that period of the year.  

The distribution of the spray volume among the different impact types could be useful to 

score the nozzles. For each surface, the nozzle giving the highest percentage of adherence can 

be classified as the most efficient nozzle for that specific surface. But to be able to do that, the 

volume percentages in Table 4. 6 need to lie closer to the results of the deposition tests (Table 

4. 5).  In this study, the volumetric percentages given in Table 4. 6 are clearly underrated.  



Results and discussion   76 

 

A model which predicts the deposition of droplets on a specific arrangement of surfaces can 

be constructed with Computational Fluid Dynamics software. This requires significant effort 

and skills to combine models for droplet flow and droplet interaction on the surfaces with 

models of airflow. The critical Weber numbers as defined in section 4.3.2, the droplet 

spectrum measured with PDPA and the setup of the deposition tests (arrangement of the 

surfaces, spray pressure, nozzle configuration and speed of the spray boom) are the input 

variables of such a model. The model takes the air flow around the surfaces into account and 

predicts which droplets will be captured by the surface. These droplets are distributed in the 

three impact classes based on their Weber number. The rebounding and splashing droplets are 

followed after the first impact. The secondary velocity and reflection angle of the secondary 

droplets needs to be assumed and are used to predict if they will impact again on one of the 

surfaces in the configuration. Based on the Weber number, these secondary droplets are 

classified as adherence, rebound or splash and are run through the model again. Thereby, the 

volume of adherence will be increased in comparison to Table 4. 6 and the results of the 

deposition tests will be approximated better. Based on the results of such a model, it is more 

appropriate to make conclusions about the efficiency of the nozzles for a specific surface. The 

results of this model could not be included in this thesis because the model is not yet available 

but it should be very interesting because it makes the results more useful.  
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5  Conclusions 

 

This study investigated the impact of droplets on different surfaces (cabbage, leek, apple, pear 

and artificial Teflon). By measuring the contact angle of water on the different surfaces and 

by investigating the surface topography with SEM, we proved that there is a difference in 

surface properties of the different materials and leaves. Apple and pear leaves are smooth, 

cabbage leaves and Teflon are rough and leek leaves show anisotropy with a lot of variation 

in roughness among the leaves of a plant.  

High speed video processing showed that the impact of droplets really depends on the surface 

on which the droplets impact. For every surface, different behaviour is observed. The Teflon 

shows a clear transition from one impact into another. On cabbage, this is less obvious 

because of the variability in the characteristics of the cabbage leaves. Therefore, Teflon is an 

interesting surface to study the influencing factors of droplet impact. On leek, the distinction 

between adherence and rebound cannot be made properly and apple and pear leaves reduce 

the amount of rebound tremendously compared to the hydrophobic surfaces. The critical 

Weber numbers for transition between impact types were calculated for each surface. The 

critical Weber numbers of the hydrophobic (leek) and superhydrophobic surfaces (cabbage 

and Teflon) are lower than the ones of the hydrophilic apple and pear surfaces. For 

hydrophobic (and especially rough) surfaces, less energetic droplets already govern rebound 

and splash phenomena.   

Next to the surface, the nozzle size and type also influences the impact behaviour of the 

droplets. For air inclusion nozzles compared to standard flat fan nozzles, splashing is favoured 

at the expense of adherence and rebound.  Nozzle size is also a determining factor. Based on 

the critical Weber number boundaries, the 11001VS nozzle gives the largest percentage of 

adhering and the lowest percentage of splashing droplets compared to the other nozzles. The 

relative distribution of droplets among the different impact types depends on the surface. On 

smooth surfaces (apple and pear), the small nozzle (11001VS) shows a large amount of 

adherence and a negligible percentage of rebound and splashing. Larger  nozzles (11004VS 

and 11008VS) show more splash and less adherence on smooth surfaces. The rebounding 

percentage remains equal. On rough surfaces, small nozzles show a lot of rebound and limited 

adherence and splash. For increasing nozzle sizes, the amount of adherence decreases and the 

amount of splash increases until the rebounding and splashing percentage are close to each 
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other. The deposition tests demonstrated that for hydrophobic surfaces the 10001VS nozzle 

shows the best results followed by the air inclusion nozzle. For hydrophilic surfaces, the 

11001VS nozzle gives the lowest deposition, the AI11008VS nozzle shows the highest 

deposition and the results of the 11004VS and 11008VS nozzles are intermediate.  Based on 

the results of the deposition tests can be concluded that an important percentage of 

rebounding and splashing droplets will eventually adhere to the surface after losing their 

kinetic energy by second or third impacts.  

The surface tension of the fluid also affects the impact of droplets. We found that a decrease 

in surface tension led to an equal increase in the critical Weber number for rebound/splash 

transition. The surface tension also influences the lower critical Weber number but the 

mechanism is not yet fully understood. Therefore, the transition between adherence and 

rebound not only depends on Weber number, but needs to be adapted for other fluid 

properties and cannot be generalised for all fluids on a certain surface.  

Thus the critical Weber numbers that are found in this study are only valid for a specific 

surface-fluid combination and cannot be generalised. The classification method can be 

improved by taking the contact angle and hysteresis into account instead of using only the 

Weber number. The classification method can also be improved by taking the secondary 

impact into account. The droplets need to be followed from atomisation until final equilibrium 

state because rebounding or splashing droplets can adhere after a series of bounces. This 

increases the predicted spray volume percentage of adherence and approximates the real 

situation better. This method should allow us to make conclusions about the efficiency of the 

nozzles on the different surfaces.  
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Appendix 

 

 

Fig.  I: SEM image of a cabbage leaf (Brassica oleracea). 

 

 

Fig.  II: SEM images of leek (Alium ampeloprasum var porrum) with: a, detail of the unknown structure which 

covers the cuticle; b, plant surface and cover at position one (the base of the leaf); c, plant surface and cover at 

position two (middle of the leaf); d, plant surface and cover at position three (tip of the plant).  
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Fig.  III: SEM images of leek (Alium ampeloprasum var porrum) with: a, the plant surface and cover of the third 

leaf (an older one) and b, the plant surface and cover of the ninth leaf (a younger one). 

 

 

 

 

Fig.  V: Splashing droplet of the air inclusion nozzle AI11008VS with the lifted jet. 
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Fig.  IV: Bouncing droplet on a superhydrophobic surface with ejected droplets remaining on the microstructures 

(Reyssat et al., 2006). 
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Fig.  VI: Volumetric droplet velocity distribution of the total scan of the four nozzles at 4.0 bar (full line: 

11001VS = orange, 11004VS = red, 11008VS = grey and AI11008VS = black) and at different pressures (red 

dotted line = 11004VS at 3.0 bar, grey dotted line = 11008VS at 2.4 bar and black dotted line = AI11008VS at 

2.9 bar). 

  

 

Fig.  VII: Volumetric droplet diameter distribution of the total scan of the four nozzles at 4.0 bar (full line: 

11001VS = orange, 11004VS = red, 11008VS = grey and AI11008VS = black) and at different pressures (red 

dotted line = 11004VS at 3.0 bar, grey dotted line = 11008VS at 2.4 bar and black dotted line = AI11008VS at 

2.9 bar). 
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Fig.  VIII: Volumetric droplet velocity distribution of the total scan (full lines) and the centre scan (dotted lines) 

of the four nozzles (11001VS = orange, 11004VS = red, 11008VS = grey and AI11008VS = black) at 4.0 bar. 

 

 

Fig.  IX: Volumetric droplet diameter distribution of the total scan (full lines) and the centre scan (dotted lines) 

of the four nozzles (11001VS = orange, 11004VS = red, 11008VS = grey and AI11008VS = black) at 4.0 bar. 
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Fig.  X: Volumetric Weber number distribution of the total scan (full lines) and the centre scan (dotted lines) of 

the four nozzles (11001VS = orange, 11004VS = red, 11008VS = grey and AI11008VS = black) at 4.0 bar. 

 

 

Fig.  XI: Volumetric Weber number distribution of the total scan (full lines) and the centre scan (dotted lines) of 

the four nozzles: 11001VS (orange, 4.0 bar), 11004VS (red, 3.0 bar), 11008VS (grey, 2.4 bar) and AI11008VS 

(black, 2.9 bar).  
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Fig.  XII: Diameter (µm) and velocity (m/s) of the droplets measured by making a total scan at 4.0 bar with 

PDPA (grey) and of the droplets measured on the videos (red) with: a, 11001VS nozzle at 4.0 bar; b, 11004VS 

nozzle at 3.0 bar; c, 11008VS nozzle at 2.4 bar and d, AI11008VS nozzle at 2.9 bar.  

 

 

Fig.  XIII: Diameter (µm) and velocity (m/s) of the droplets measured by PDPA (total scan) (grey) and of the 

droplets measured on the videos (red) with: a, 11001VS nozzle at 4.0 bar; b, 11004VS nozzle at 3.0 bar; c, 

11008VS nozzle at 2.4 bar and d, AI11008VS nozzle at 2.9 bar.  
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Fig.  XIV: Combination of the volumetric Weber number distribution of the nozzles (11001VS = orange, 

11004VS = red, 11008VS = grey) measured with PDPA (Total scan at 4.0 bar) and the logistic regression of the 

video results of water sprayed with 11001VS, 11004VS and 11008VS nozzles on Teflon (adherence = blue, 

rebound = red and splash = green).  

 

 

Fig.  XV: Combination of the volumetric Weber number distribution of the AI11008VS nozzle (black striped 

line) measured with PDPA (Total scan at 4.0 bar) and the logistic regression of the video results of water sprayed 

with the AI11008VS nozzle on Teflon (adherence = blue, rebound = red and splash = green).  
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Fig.  XVI: Combination of the volumetric Weber number distribution of the nozzles (11001VS = orange, 

11004VS = red, 11008VS = grey, AI11008VS = black) measured with PDPA (Total scan at 4.0 bar) and the 

logistic regression of the video results of water sprayed with the 11004VS nozzle on cabbage (adherence = blue, 

rebound = red and splash = green).  

 

 

Fig.  XVII: Combination of the volumetric Weber number distribution of the nozzles (11001VS = orange, 

11004VS = red, 11008VS = grey, AI11008VS = black) measured with PDPA (Total scan at 4.0 bar) and the 

logistic regression of the video results of water sprayed with the 11004VS and 11008VS nozzles on apple 

(adherence = blue, rebound = red and splash = green).  
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Fig.  XVIII: Combination of the volumetric Weber number distribution of the AI11008VS nozzle (black striped 

line) measured with PDPA (Total scan at 4.0 bar) and the logistic regression of the video results of water sprayed 

with the AI11008VS nozzle on apple (adherence = blue, rebound = red and splash = green). 

 

 

Fig.  XIX: Combination of the volumetric Weber number distribution of the nozzles (11001VS = orange, 

11004VS = red, 11008VS = grey, AI11008VS = black) measured with PDPA (Total scan at 4.0 bar) and the 

logistic regression of the video results of water sprayed with the 11004VS nozzle on pear (adherence = blue, 

rebound = red and splash = green).  
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Fig.  XX: Combination of the volumetric Weber number distribution of the nozzles (11001VS = orange, 

11004VS = red, 11008VS = grey, AI11008VS = black) measured with PDPA (Total scan at 4.0 bar) and the 

logistic regression of the video results of water sprayed with the 11004VS nozzle on leek (adherence = blue, 

rebound = red and splash = green). 

 

Table I: Deposition % of BSF (5 g/l) on different collectors at five positions in the spray pattern after spraying 

with different nozzles (11001VS, 11004VS, 11008VS and AI11008VS). Three repetitions are made of each 

experiment.   

Nozzle Repetition Position 1 2 3 4 5 

11001VS 1 Teflon 80.84 60.72 91.05 69.18 72.21 

 
  Filter 56.86 61.29 54.24 46.83 49.93 

 
  Cabbage 32.94 30.83 15.69 21.00 22.42 

 
  Leek 57.40 46.62 38.27 35.10 34.21 

 
  Water 79.93 77.04 77.23 78.04 73.64 

 
2 Teflon 73.33 63.36 61.33 62.31 73.26 

 
  Filter 34.61 43.11 34.63 33.65 45.06 

 
  Cabbage 58.70 59.43 56.03 48.01 48.94 

 
  Leek 67.75 52.15 60.94 47.93 57.46 

 
  Water 83.24 71.06 68.97 77.69 69.25 

 
3 Teflon 80.92 69.76 71.22 65.71 66.37 

 
  Filter 50.52 38.56 33.22 33.43 34.53 

 
  Cabbage 45.49 22.05 23.42 22.35 16.36 

 
  Leek 35.24 46.33 44.25 40.83 38.47 

 
  Water 78.39 74.11 77.23 71.87 59.82 

11004VS 1 Teflon 39.79 48.78 44.27 37.99 51.33 

 
  Filter 44.84 47.80 44.30 44.04 40.35 

 
  Cabbage 40.57 40.37 22.72 64.69 57.09 

 
  Leek 50.55 44.39 46.83 36.46 29.40 

 
  Water 57.53 40.97 72.03 77.92 76.80 
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2 Teflon 40.03 46.38 38.51 33.30 38.91 

 
  Filter 57.67 44.28 40.01 53.18 61.54 

 
  Cabbage 65.02 36.17 24.67 54.85 51.82 

 
  Leek 27.85 37.66 45.03 47.57 50.25 

 
  Water 85.92 59.74 61.17 61.66 72.48 

 
3 Teflon 52.51 49.65 47.34 46.07 44.06 

 
  Filter 55.78 51.48 43.38 41.84 54.63 

 
  Cabbage 16.66 23.85 21.95 19.70 14.90 

 
  Leek 51.48 55.15 34.87 48.69 51.56 

 
  Water 82.59 110.55 76.92 79.14 78.46 

11008VS 1 Teflon 53.47 56.93 59.65 55.58 54.50 

 
  Filter 58.53 61.03 57.12 58.21 56.75 

 
  Cabbage 30.32 23.12 14.89 33.80 29.99 

 
  Leek 56.29 37.06 43.02 54.69 48.55 

 
  Water 59.56 82.79 85.06 92.00 93.00 

 
2 Teflon 46.74 56.80 46.23 34.32 30.93 

 
  Filter 50.53 47.72 44.68 56.03 51.67 

 
  Cabbage 54.57 45.76 40.56 44.58 52.43 

 
  Leek 40.13 47.33 47.14 40.42 47.85 

 
  Water 70.40 66.05 72.68 73.93 79.17 

 
3 Teflon 41.70 50.46 47.07 41.69 47.16 

 
  Filter 36.26 43.68 41.26 39.84 48.92 

    Cabbage 31.88 28.20 29.90 22.99 21.79 

 
  Leek 37.23 33.07 42.41 36.98 31.81 

 
  Water 66.30 65.70 55.54 73.10 75.06 

AI11008VS 1 Teflon 42.42 43.97 41.14 26.95 41.14 

 
  Filter 50.44 51.03 49.67 62.54 58.76 

 
  Cabbage 31.05 30.29 36.89 37.77 25.98 

 
  Leek 27.12 41.76 55.17 31.81 39.43 

 
  Water 110.82 108.64 117.42 132.68 132.25 

 
2 Teflon 41.98 42.46 49.44 37.59 46.36 

 
  Filter 45.34 51.72 53.04 44.02 46.85 

 
  Cabbage 17.31 21.68 14.86 23.51 48.33 

 
  Leek 28.29 50.96 37.42 42.98 53.41 

 
  Water 87.39 85.53 65.26 81.28 100.19 

 
3 Teflon 72.62 77.32 88.53 68.24 78.37 

 
  Filter 56.44 69.04 74.19 53.83 55.77 

 
  Cabbage 31.01 18.92 28.37 27.00 53.39 

 
  Leek 68.47 61.68 66.35 28.19 57.78 

 
  Water 130.17 126.33 141.68 146.80 112.92 
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Table II: Deposition % of BSF (5 g/l) on different collectors after spraying with different nozzles (11001VS, 

11004VS, 11008VS and AI11008VS) adjusted for the recovery test and for the age of cabbage. The five 

different positions in the spray pattern (see Table I) are seen as five repetitions.  

Nozzle Repetition Teflon Filter 
Old 

cabbage 
Young 

cabbage 
Leek Water 

11001VS 1 80.84 101.53 
 

32.94 66.97 79.93 

 
  60.72 109.44 

 
30.83 54.40 77.04 

 
  91.05 96.86 

 
15.69 44.65 77.23 

 
  69.18 83.62 

 
21.00 40.96 78.04 

 
  72.21 89.16 

 
22.42 39.92 73.64 

 
2 73.33 61.80 58.70 

 
79.06 83.24 

 
  63.36 76.98 59.43 

 
60.85 71.06 

 
  61.33 61.83 56.03 

 
71.11 68.97 

 
  62.31 60.09 48.01 

 
55.93 77.69 

 
  73.26 80.46 48.94 

 
67.05 69.25 

 
3 80.92 90.21 

 
45.49 41.12 78.39 

 
  69.76 68.85 

 
22.05 54.06 74.11 

 
  71.22 59.33 

 
23.42 51.64 77.23 

 
  65.71 59.70 

 
22.35 47.64 71.87 

 
  66.37 61.66   16.36 44.89 59.82 

11004VS 1 39.79 80.08 40.57 
 

58.98 57.53 

 
  48.78 85.36 40.37 

 
51.79 40.97 

 
  44.27 79.11 22.72 

 
54.64 72.03 

 
  37.99 78.64 64.69 

 
42.54 77.92 

 
  51.33 72.06 57.09 

 
34.31 76.80 

 
2 40.03 102.98 65.02 

 
32.49 85.92 

 
  46.38 79.06 36.17 

 
43.95 59.74 

 
  38.51 71.45 24.67 

 
52.54 61.17 

 
  33.30 94.96 54.85 

 
55.50 61.66 

 
  38.91 109.89 51.82 

 
58.63 72.48 

 
3 52.51 99.61 

 
16.66 60.07 82.59 

 
  49.65 91.92 

 
23.85 64.35 110.55 

 
  47.34 77.46 

 
21.95 40.68 76.92 

 
  46.07 74.71 

 
19.70 56.81 79.14 

 
  44.06 97.56   14.90 60.16 78.46 

11008VS 1 53.47 104.52 
 

30.32 65.68 59.56 

 
  56.93 108.98 

 
23.12 43.24 82.79 

 
  59.65 101.99 

 
14.89 50.20 85.06 

 
  55.58 103.95 

 
33.80 63.82 92.00 

 
  54.50 101.34 

 
29.99 56.65 93.00 

 
2 46.74 90.23 54.57 

 
46.82 70.40 

 
  56.80 85.21 45.76 

 
55.23 66.05 

 
  46.23 79.78 40.56 

 
55.00 72.68 

 
  34.32 100.06 44.58 

 
47.16 73.93 

 
  30.93 92.27 52.43 

 
55.83 79.17 
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3 41.70 64.76 

 
31.88 43.44 66.30 

 
  50.46 77.99 

 
28.20 38.58 65.70 

 
  47.07 73.68 

 
29.90 49.49 55.54 

 
  41.69 71.15 

 
22.99 43.15 73.10 

 
  47.16 87.36   21.79 37.11 75.06 

AI11008VS 1 42.42 90.07 
 

31.05 31.64 110.82 

 
  43.97 91.12 

 
30.29 48.73 108.64 

 
  41.14 88.70 

 
36.89 64.37 117.42 

 
  26.95 111.68 

 
37.77 37.12 132.68 

 
  41.14 104.93 

 
25.98 46.01 132.25 

 
2 41.98 80.97 17.31 

 
33.01 87.39 

 
  42.46 92.36 21.68 

 
59.46 85.53 

 
  49.44 94.72 14.86 

 
43.67 65.26 

 
  37.59 78.61 23.51 

 
50.15 81.28 

 
  46.36 83.66 48.33 

 
62.33 100.19 

 
3 72.62 100.79 

 
31.01 79.89 130.17 

 
  77.32 123.28 

 
18.92 71.97 126.33 

 
  88.53 132.48 

 
28.37 77.42 141.68 

 
  68.24 96.13 

 
27.00 32.89 146.80 

 
  78.37 99.59 

 
53.39 67.42 112.92 

 

 

 



 

 

 


