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 Abstract  
 

The interaction between drops and porous matter has important applications in 

many fields such as painting, paper coating, filtration and biology, the latter 

considering for example reconstructive surgery processes, when blood 

impregnation of scaffolds is a very critical issue. Since the phenomenon of drop 

spreading onto a porous surface is particularly complex, a first step in developing 

our understanding of the underlying physics consists in analysing impacts on 2D 

deterministic structures, such as metallic meshes. The experiments are reproduced 

using three different liquids: water, acetone and a solution of water and glycerol. 

The meshes pore dimension and wire diameter have a range of respectively 25-400 

µm and 25-220 µm. A combination of different surface porosities and liquids 

physical properties is needed to study how the impact outcome is influenced.  

The present work shows the cases of drop impacts onto meshes attached to a solid 

substrate and of drop impacts onto the same meshes but suspended without a 

substrate. 

Three main outcomes were observed for both cases: deposition, partial imbibition 

and penetration. The penetration into suspended meshes leads to a spectacular 

multiple jetting below the mesh.  

In the first configuration of the attached meshes, the squared meshes were bonded 

to a flat, solid plate made of stainless steel in order to reduce the effect given by air 

entrapment. For the suspended meshes, even if the vertical micro-movements of the 

mesh are reduced as much as possible using heavy steel rings, the effect of the layer 

displacement may influence the impact outcome. Hence, in order to evaluate such 

effect, different ring diameters are considered which offered smaller and larger 

unclamped area for the suspended mesh compared to the original case.   

A higher amount of liquid penetration is linked to a higher velocity impact 𝑣𝑖, lower 

viscosity and a larger dimension of the pore size. An estimation of the liquid 

penetration is given in order to evaluate the impregnation properties of the meshes. 

For the case of attached meshes a map of the regimes is proposed introducing two 

dimensionless numbers. 
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1 Introduction 
 

The aim of the research is analysing droplet impact on metallic porous meshes, to 

understand in which way the combination of different initial parameters can lead to 

a different outcome. This kind of surfaces find a main application in process like 

filtration but can also be linked to a medical application considering for example 

reconstructive surgery. 

In the first part of the experiments, the meshes were carefully attached on a 

stainless-steel surface, to isolate the effect of porosity and roughness without taking 

in account the influence of elasticity and surface displacement.  

In the second part of the experiments, a portion of the mesh was suspended to better 

quantify the impregnation properties of the surface and remark how it is influenced 

by mesh topology, liquid properties and impact velocity.  

To generate droplets, needles of different sizes were used with liquids of different 

physical properties. Each experiment was recorded with a high-speed camera 

connected to a light source. The videos were consequently analysed to get critical 

information such as impact velocity and droplet diameter.    

 

Summarising, the thesis aims to: 

• Analyse the effect of porosity on droplet impact understanding in which 

way the outcome is influenced by the initial parameters. 

• Obtain a map characterised by dimensionless numbers to separate the 

different regimes and predict the impact outcome. 

• Estimate the impregnation properties of the mesh and point out if the air 

the elasticity, can influence the outcome. 
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1.1 Main application  
 

The phenomenon concerning the behaviour and outcome of droplets impact can be 

linked to different applications in nature and industries [1][2][3]. 

By remarking the principal fields in which the phenomenon finds a function, we 

can list the following categories of physics and engineering:   

 

• Physics of fluid and physics of chemistry   

• Interfaces science  

• Medical technology  

• Processing of advanced materials  

Droplets impact analysis can be also linked to fields concerning applications not 

directly connected to the engineering disciplines.   

We can consider for example aerosol droplets, air conditioning mist, sun-spray, 

sunscreen and mosquito repellent product, pesticide crop spray, oil slick 

dispersal, cosmetic, industrial surface clinic formulas and drug inhalers. 

Depending on the kind of application, the outcome of droplets impact must be 

different to obtain a specific result.  

For example, in the case of painting application, in which having a repeatable 

droplets generation is one of the most critical requirements [4], the main purpose 

is to transfer the ink from the stamp to the paper, so a stick outcome on the first 

surface would be negative for the transfer on the second surface. On the other 

hand, in case of agricultural applications, the goal is to obtain a stick outcome and 

avoid the dispersion of the droplets in the air However, problems arise since 

leaves are hydro-repellent to prevent bacterial colonization. By adding specific 

polymers (or a mixture of them) to agricultural products it is possible to partially 

avoid this situation. Another problem is that water can wash the agricultural 

product off the plants. To avoid this, a water insoluble gel is used, by adding 

hydroxide groups like Borate ions and titanium dioxides. The components are a 

polymer, a binding agent and a solvent that will evaporate after the deposition. 
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Because of the evaporation the concentration of the other two components will 

increase in time and allow the formation of a water insoluble gel.  

By considering the case of a car windscreen, the desirable outcome is rebound. In 

this case one possible solution is to apply a hydro-repellent substance to the 

substrate like for example fluorinated alkyls lanes [5].  

Referring again to an environmental application, A.C. Wright [6] developed a 

model to analyse the soil erosion phenomenon due to the dispersion of splash 

droplets. His model points out at many experimentally observed features which 

involved raindrops splash and aims at predicting the effect of slope, wind raindrops 

size and soil properties on the droplets dispersion. The main factor determining the 

degree and the direction of the splash droplet dispersion is the component of the 

raindrop velocity parallel to the surface of the slope. The model can predict the 

dispersion of soil particles by raindrop impact, which is the basis of a model of soil 

erosion by rain-splash. 

Droplet impact has an important role also in the dynamics of filtration efficiency, 

where solid particles deposited inside a filter may affect the efficiency of liquid 

aerosol. There is also the influence of droplets deposition on filtration fibres inside 

the filter which can influence the efficiency of the solid particles removal [7]. 

Another interesting application is the 3-D printing process, which is a versatile 

digital manufactory technology used in several applications such as printing of 

flexible circuits, advanced electronic components, wax parts and metal parts. In this 

kind of application, to obtain a uniform metal traces the optimization of the printing 

step and ejection/deposition temperature is extremely important [8]. 

Droplet impact analysis can also be used to study phenomena in various fields, for 

example to model cancer invasion by considering an analogy between droplet and 

cancer cells diffusion on the tissue [9] or the spread of respiratory disease in which 

the cough of droplets concentration changes with the size into a peak rule [10][11]. 
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2 Literature review 

 

2.1 Basic concepts 

 

Considering the importance of the droplet impact phenomenon, in the last years, 

various researches and studies were dedicated to define and analyse the influence 

of all the parameters that can affect the droplet behaviour. In fact, despite its 

apparent simplicity, the interaction between droplet and solid surface can lead to 

several fluidics processes that combine phenomena characterised by multiple 

temporal and spatial scales [5], [12],[13],[14]. 

The dynamic of droplet impact is very complex. Once a drop impacts on a 

surface, on the point of contact with the surface there will be an increase of the 

pressure. The impact energy is dissipated creating a new surface area and 

overcoming the viscous forces. Once the depletion of the energy is reached, the 

droplet will reach the maximum spreading diameter and will start to recoil. If the 

energy of the recoil is sufficient enough, the droplet may rebound from the 

surface and fall back again due to the gravity force [15].   

The outcome of the droplet impact is influenced by the properties of the liquid, 

surface condition and kinematic parameters such as velocity and momentum 

[16][17][18]. For this reason, it is important to remark all the variables that 

characterise this kind of phenomenon: 

Substrate characteristics → roughness, elasticity, porosity, wettability.  

Liquid Characteristics  → Newtonian liquid properties, non-Newtonian liquid 

properties.  

Initial Parameter  →  impact velocity, droplet dimension, droplet shape. 
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2.1.1 Dimensionless numbers 

 

The principal dimensionless numbers used to analyse the droplet impact are given 

by Reynolds number and Weber number 

  

𝑅𝑒 =
𝜌𝑣𝑖𝑑

𝜇
                                                               2.1 

𝑊𝑒 =
𝜌𝑣𝑖

2𝑑

𝜎
            2.2 

  

where 𝜌, d, vi are respectively liquid density, droplet initial diameter and droplet 

initial velocity and  σ and μ are respectively  liquid  surface tension and 

viscosity. 

The Reynolds number refers to the ratio between inertia and viscous dissipation 

and the Weber number remarks the importance of inertia forces against capillary 

forces. To take account of viscous dissipation we can refer to the Ohnesorge 

number, which combines the Reynolds and Weber numbers  

 

𝑂ℎ =
√𝑊𝑒

𝑅𝑒
        2.3 

 

Finally, the capillary number considers the reaction phase in which capillary 

forces play an important role  

 

𝐶𝑎 =
𝑈𝑅𝜇

𝜎
=

𝑊𝑒

𝑅𝑒
          2.4 

 

where 𝑈𝑅 is the retraction velocity of the lamella. If the initial kinetic energy of 

the droplet is high enough, the capillary force will be not sufficient to maintain 

the integrity of the droplet which will form smaller satellite droplets [5]. 
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2.1.2 Spreading dynamics  

 

Focusing on the physics of the spreading phenomenon, if the Reynolds and Weber 

numbers are high enough, the spreading droplet can be characterised by two 

different regions. During the first few milliseconds, the droplet makes contact 

with the substrate. It is forced to spread, forming a disc-shaped layer called 

lamella and a rim which appears due to capillary forces. 

In the case of spreading and receding, the motion of the rim will be influenced by 

the wall friction and by the forces associated with wettability. The evolution of 

the spreading is strictly linked to the evolution of the rim [2]. Fig. 1 shows a 

schematic of the droplet spreading on a solid surface. 

 

 

Fig. 1 Droplet spreading evolution [2] 

 

As said the study of the spreading of liquid droplets during impact on a solid surface 

is extremely important for industrial applications such as spray coating, herbicide 

spraying and ink-jet printing in which the main outcomes parameters to control the 

process are wetting area and speed. Most studies of drop impact have focused on 

Newtonian fluids but also the impact of non-Newtonian fluid is receiving more and 

more attention considering there are several industrial applications [19][20]. 

The evolution of the spreading in time is analysed with two dimensionless numbers: 

the spread factor and the dimensionless time. The spread factor d(t)∗ is described 

by the ratio of the lamella diameter in time over the initial droplet diameter.  
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d(t)∗ =
d(t)

d
          2.5 

 

Where d (t) indicates the evolution of the droplet diameter in time, once that the 

droplet impacted on the surface. The dimensionless time is given by 

 

 

t∗ =
tvi

d(t)
           2.6 

 

where vi is the impact velocity. The evolution of the droplet during the spreading 

can be divided in four phases: the kinematic phase, the spreading phase, the 

relaxation phase and the wetting/equilibrium phase. The maximum spreading 

diameter reached by the droplet is influenced not only by liquid properties such as 

viscosity μ  and surface tension σ , but also by the impact velocity vi A higher 

viscosity of the liquid will lead to a smaller maximum spreading diameter, whereas 

a higher impact velocity will lead to a larger maximum spreading diameter [5]. Fig. 

2 shows a schematic of the spreading factor evolution in time.  

 

 

Fig. 2 Spread factor with time: Schematic representation of the spread factor with time. 

The different lines correspond to an arbitrary choice of possible spreading histories, 

depending on the parameters of the impact [21] 
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Lee at al. [22], observing the impact of water drops on oil infused nanostructured 

surfaces, investigated the effect of physical properties of the oil and impact velocity 

on the droplet dynamic. They found out that the low viscosity of the oil does not 

significantly affect the dimension of the spreading but affect the retraction 

dynamics. Most of the studies aim to estimate the maximal spreading diameter 

reached by droplet after the impact. Werner et al. [23] analysed the impact of 2.8 

mm droplets containing maltodextrin DE5 at 20 and 40 wt% in water on a smooth 

anhydrous milkfat surface. They noticed that the greater maximum spread diameter 

is achieved with higher impact velocity and lower viscosity of the droplet. Fig. 3 

shows the evolution of the spreading as a function of viscosity. They compared their 

results to the equation of Pasandideh-Fard et al.[24] which is given by  

 

Dmax =
√We+12

3(1−cosθa)+4(
We

√Re
)
          2.7 

 

 

Fig. 3 Spread factor as a function of viscosity and impact velocity. The full symbols refer 

to the maximum spreading factor whereas the open symbols refer to the final spreading 

factor.  The squares refer to 𝑣𝑖 = 4.1
𝑚

𝑠
 , the triangles to  𝑣𝑖 = 2.6

𝑚

𝑠
  and the rhombus to  

𝑣𝑖 = 1.7.
𝑚

𝑠
  . [23]  The results are compared to Pasandideh-Fard et al. prediction [24] 

 

Roux et al.[25] analysed the spreading of water on glass surfaces. They observed 

that at low impact velocity drops spread without being expelled liquid from the 

glass surface whereas at higher impact velocity part of the liquid is expelled. Fig. 4 

shows the evolution of water impact on a glass surface. 



 

9 
 

 

Fig. 4 Water impact on glass: 𝑣𝑖 =  1.56
𝑚

𝑠
; d=1.198 mm, Re= 3740; We= 80 [25] 

 

Toivakka [26], focused on the impact spreading of the droplet, considering 

mainly the influence of the kinetic energy. When a droplet impacts on a surface, 

its initial spherical shape is forced into a pancake-like form. The spreading ratio 

is determined by the balance of driving forces: the kinetic energy and resisting 

forces: viscosity and surface tension of the liquid. A larger contact angle will 

resist the spreading, on the opposite a smaller contact angle will promote it.  

For large values of Weber number, the kinetic energy of the droplet is able to 

overcome the surface tension of the liquid and spreading takes place. For low 

values of Weber number, low impact velocity, the droplet tends to keep an almost 

spherical shape on the surface provided: no wetting takes place. Toivakka [26] 

analysed the evolution of the spreading parameter d(t)∗ =
d(t)

d
 , by varying impact 

velocity and other parameters of interest, obtaining a correlation formula to 

predict the maximum spreading diameter given by 

  

dmax = 1 + 15.4We0.5exp (−4.28We0.072Re−0.043)    2.8 
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2.1.3 Impact outcome on a dry surface 

 

As mentioned previously the desired behaviour of droplet impingement greatly 

varies on the kind of application. For example, in the case of coating or painting 

and spray cooling, the entire mass of the droplet must remain attached to the surface. 

On the opposite for spray dryers and IC engine the droplet must rebound from the 

wall minimising any stick, in order to ensure a complete evaporation. An 

incomplete evaporation would result in a lower efficiency [27],[28]. The main 

outcome of droplet impact can be listed as follows: 

 

• Rebound (full or partial): the droplet reaches the surface and is subjected to 

deformation, reaching a maximum diameter. During this process the kinetic 

energy is converted into surface energy. The deformation is followed by a 

contraction in which the droplet tends to return to its previous shape. The 

maximum extent to which a droplet spreads it is a crucial parameter to predict a 

rebound [29]. 

 

• Corona Splash: it mainly occurs for higher impact velocity and it takes place on 

a smooth surface. The secondary droplets are formed around the rim of a corona, 

remote from the solid surface. It is also characteristic in the case of droplet 

impact on a liquid film [29]. 

 

•  Prompt splash: it takes place on a rough surface. The secondary droplets are 

generated at the beginning of the spreading phase. The difference from corona 

and prompt splash is given by the fact that in the case of prompt splash is not 

possible to observe a lamella detaching from the surface before secondary 

droplets are observed [30]. 

 

• Rolling: after the impact the drop rolls reducing the contact area [31].  
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• Deposition, stick: It consists of two phases, the kinematic stage and the actual 

deposition [32]. The droplet remains attached to the substrate and forms a film. 

The momentum is totally lost, and it is not possible to observe any break up.  

 

• Break up/ Receding Break up: The impact allows the formation of smaller 

droplets that remain attached to the wall [29].  

 

The splash output can be analysed by using the principle of energy conservation 

before and after impact, considering the energy dissipation due to the process.  

 

Ek  +  Ep  +  Es  =  E0k  +  E0p  + E0s  +  Ed           2.9 

  

Where 𝐸𝑘, 𝐸𝑝, 𝐸𝑠 and 𝐸𝑑 are the kinetic, potential, surface and dissipated energies  

A combination of initial parameters will influence the final outcome. For 

example, a higher velocity on a rough surface will promote the prompt splash. A 

higher velocity will also lead to a larger spreading diameter. On the other hand a 

smaller initial droplet diameter will lead to a more probable deposition and a 

higher viscosity will reduce the probability of a break up. A lower surface tension 

will lead to a corona splash [30]. Fig. 5 shows some sequences of the main 

outcomes of the droplet impact. 
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Fig. 5 Outcome of droplet impact (a) Deposition (b) Prompt Splash (c) Corona Splash 

(d) Recedeing Break up (d) Partial Rebound (e) Rebound [2] 

 

2.1.4 Splash threshold   

 

To define a splashing threshold Mundo et al. [16], conducted a study of liquid 

droplets impinging on a flat surface. They found out that the splashing occurs due 

to the decay of the cylindrical sheet ('corona'). The transition between the deposition 

outcome and the splash outcome is given by a number which is the combination of 

Re and We number that represent the fluid properties and kinematic impact 

parameter. The number is given by 

 

k = We
1

2 ⋅ Re
1

4          2.10 
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Palacios et al. [33] conducted an experimental study onto a smooth, dry glass 

surfaces, to analyse the splash/deposition threshold, focusing on the influence of 

the Reynolds number. To measure the droplet diameter in case of a not spherical 

droplet, they defined an equivalent diameter  

 

Deq = (DvD h
2 )           2.11 

      

where v and h are referring to vertical and horizontal direction. Analysing the 

different results obtained for different parameters combination, they derived the 

following formula:  

 

Wecrit = 1.886Re0.637 + 1.068856Re−1.4       2.12 

  

where Wecrit is the critical Weber number for which splashing occurs. They 

presented different correlations to fit their data (Fig. 6)  

 

 

Fig. 6 Splash/deposition behaviour of drop of different liquids. 

Eq. (1): Wecrit = 1.886Re0.637 + 1068856Re−1.40; Eq. (2):Wecrit = 0.566Re0.760 +

4484Re−0.5 ; Eq. (3): Ohcrit =
1.373

Re0.681 ; Eq. (4): Ohcrit =
0.752

Re0.620 [33] 

 

Always focusing on the principal parameter to describe the splashing threshold, 

Gipperich et al. [34] analysed the splash threshold by varying surface properties 
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like roughness and porosity, using two different kind of liquids: water and 

isopropanol. The Porosity of a medium can be defined as the fraction of the 

volumes of voids, over the total volume. They observed the different output that 

can occur in the case of a structured substrate or an unstructured substrate by 

varying pores size and distribution. They characterised the roughness of the 

substrate by two different variables: 𝑅𝑧 the maximum height of the profile and the 

standardized number of peaks 𝑅𝑃𝑐. Consequently, the dimensionless parameter 

used to describe the splash output is given by 𝑅𝑧 ·𝑅𝑃𝑐. 

To define a splashing threshold, a specific Weber number is introduced:  

Wes =
ρDUs

2

σ
          2.13 

 

where Us is the impact velocity for which splash occurs.  

Consequently if  

𝑊𝑒 < 𝑊𝑒𝑠 → No splash occurs                                    

𝑊𝑒 > 𝑊𝑒𝑠  → Breakup of the lamella  

Comparing the two fluids they noticed that the prompt splash threshold for rough 

surfaces of isopropanol falls in to the same range of distilled water and concluded 

that viscosity plays a minor role for the two fluids. In the case of porous surface, 

they obtained a different result. In fact, the distilled water splashing threshold is 

equal or higher for all investigated porous targets compared to the rough targets.  

If We>200, the characteristics of the substrate and his wettability does not 

influence the phenomenon anymore and for higher value of We, the crown splash 

becomes more evident. 

Roisman et al. [35] developed a model to describe the different regimes of splash 

thresholds by analysing substrate roughness and porosity. They concluded that it 

is not possible to find a boundary of the transition region between splash and 

deposition for the irregularity of the surface morphology. It is possible to delimit 

a region, near the splashing boundary, in which the splash probability varies from 

one to zero and distinguish two different areas:  
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• Lower splash thresholds: below which the probability of prompt splash is 

negligibly small.  

• Upper deposition thresholds: above which the probability of deposition is 

negligibly small.  

 

The lower splash threshold from the experimental data on the rough surfaces is 

given by 

Wesplash = 10.5 (
Rpk

Rsm
)

−0.7

            2.14 

where Rpk is the average height of protruding peaks above roughness core profile 

and Rsm the mean width of a profile element. Fig. 7 reports the result they obtained 

for different kind of substrates. 

 

  

Fig. 7 Map of prompt splash for rough and porous surfaces [35] 

 

Porosity does not influence too much the impact behaviour in the case of lower 

splash thresholds but influences the upper deposition limit because of the 

penetration of the drops inside the substrate, due to the presence of pores. In the 

case of a porous substrates, drops deposition without splash is more probable. 

Taking into account the effect of porosity, they defined a modified Reynolds 

number given by 

 

χ =
ρRpkvi

μ
Φ             2.15 
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where Φ indicates the concentration of pores distribution on the substrate, it is 

given by:  

Φ =
Vv

𝑉𝑇
        2.16 

 

where 𝑉𝑉 and 𝑉𝑇  refer respectively to the fraction of the volume of void and the 

total volume of the media. This way, the upper deposition limit takes into account 

also the effect of porosity. Considering a porous substrate, due to the partial 

penetration of the liquid inside the pores, deposition without splash is  more 

probable, this is why the curve of the upper deposition limit will be influenced as 

it is shown in Fig. 8. By fitting the experimental data shown in Fig. 8, they 

obtained the following equation to describe the upper deposition threshold:  

 

We

1+0.24⋅χ0.5 = 29 (
Rpk

Rsm
)

−0.68

        2.17 

 

 

Fig. 8 Map of deposition on rough and porous substrates . Plot of the Weber number 

(left) and the empirical term 
We

1+0.24⋅χ0.5 = 29 (
Rpk

Rsm
)

−0.68
 (right) as a function of 

Rpk/Rsm. [35] 

   

Fig. 9 shows the sequence of a droplet impact and penetration in a porous surface.      

             

 

Fig. 9 Experiment sequence and results about droplet penetrating a porous medium. 

The sequence shows the droplet before the collision, the initial deformation, the 

spreading and the penetration into the target. [35] 



 

17 
 

2.1.4.1 Droplet impact on a wet surface 

 

The impact of liquid drops on solid surfaces and films is an important and 

fundamental process in a large variety of natural and technical applications such as 

the erosion of soil, atomisation of liquids, atomisation of the fuel after a plane crash 

or surface cooling by water spraying in which case porous surface can enhance the 

cooling performance[36][37] [38].  

Cossali et al [39] used a photographic technique to analyse the behaviour of a drop 

impacting on a liquid film to focus on corona evolution, depending on different 

parameters like viscosity, density, surface tension. By fitting the data, they found 

the following function to analyse the evolution of the second droplet diameter: 

 

𝑑𝑠𝑒𝑐 = 𝑎(𝑏𝑡∗ + 𝑐𝑡∗−0.5)
0.5

          2.18 

   

where a,b,c  generally depends on Weber and Ohnesorge numbers and 𝑡∗ is the 

dimensionless time. The greater the Weber number is, the smaller the diameter of 

the second droplets will be. The duration of the crown evolution depends on the 

thickness of the initial film and on the Ohnesorge number, whereas the dimension 

of the secondary droplets is not affected by film thickness. They compared their 

results regarding the velocity of the secondary droplet with the most used 

empirical models and observed that the model of Marengo and Tropea [37] gives 

the most similar prediction. Considering this model, the secondary droplet 

parameters are fitted in the following form:  

 

𝜋𝑘  =  (𝑎 +  𝑏𝛿)  +  (𝑐 +  𝑑𝛿)(𝐾𝑟  −  𝐾0)        2.19 

 

Where 𝑘𝑟 =
𝐾

1000
 , 𝑘0 =

𝐾𝑐𝑟

1000
 where the critical value of K, 𝐾𝑐𝑟 , between deposition 

and splash, depends on the roughness and film thickness 𝛿 and a, b, c, d which 

determine the secondary droplets parameters,  are listed in Fig. 10. 
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Fig. 10 Fitting coefficient for the empirical model of Marengo and Tropea. u* and v* 

are dimensionless velocities of the second droplets and 𝑑10
∗ , 𝑑32

∗  dimensionless mean 

diameters [37] 

 

Fig. 11 shows a schematic of the increasing of secondary droplet diameter in time. 

   

 

Fig. 11 Secondary droplet diameter evolution in time [39] 

 

Cheng et al. [40] analysed the dynamics of oblique impacts of droplet on a solid 

wall covered by a thin liquid. They observed the evolution of drop shape after 

impact for different value of the angle of impact, 𝜃 and by varying the value of 

𝑢𝑤𝑎𝑙𝑙. They adopted a numerical code based on a two phases flow lattice 
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Boltzmann model and observed that for 𝑢𝑤𝑎𝑙𝑙 = 0 and 𝜃 = 0 splashing becomes 

asymmetric and the lamella bottom elliptical whereas for 𝑢𝑤𝑎𝑙𝑙 > 0 and 𝜃 = 0 the 

splash is attenuated in the direction of the wall motion.  

 

2.2 Surface characteristics and droplet-wall interaction 

 

Depending on the application, some surfaces characteristic will be more desirable 

then others. In the specific a hydrophobic or hydrorepellent surface will enhance 

rebound outcome which is fundamental for application such as car windscreen, 

for example to remove the water due to heavy rainfalls. On the opposite, a 

hydrophilic surface will enhance the deposition.   

 

2.2.1 Surface wettability 

 

The wettability of a surface can be defined as the ability of the liquid to maintain 

contact with the solid surface. The characterization of the wettability of a material 

requires the measurement of the contact angle (CA) which plays a major role to 

point out the interaction between the droplet and the surface. The contact angle is 

defined as the angle formed between the free surface of a drop deposited on a 

given substrate and the substrate itself, which is determined by the 

thermodynamic equilibrium of the three phases: gas, liquid and solid. Fig. 12 

shows a schematic of the contact angle. 

  

 

Fig. 12 Schematic of contact angle [5] 

 

To estimate the value of the contact angle, it is important to consider the 

interaction between solid‐liquid-gas that are gathered in the contact line. The 

surface properties influence deeply the drop shape and spreading rate.[41] 
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The contact angle can be calculated from the Young-Laplace equation given by  

 

σSV = σSl + σLVcos (θc)                                                                            2. 20 

 

where 𝜎𝑆𝑉 , 𝜎𝑆𝐿 , 𝜎𝐿𝑉 are respectively the solid-vapour, solid-liquid and liquid vapour 

interfacial energy. It is necessary to differentiate static CA and dynamic CA. In the 

specifics, given the time span of the considered physical phenomena, in the first 

case, the three phase contact line is moving (dynamic) in the second case is not 

(static). 

If  the surface is ideally homogeneous, the static CA is unique and reproducible[42], 

If the surface is nonideal, a hysteresis appears, characterised by an advancing and a 

receding contact angle, respectively 𝜃𝑎 and 𝜃𝑟. 

A possible method to determine this hysteresis for a static CA, is the sessile drop 

method. Practically, small amounts of liquid are injected into the sessile drop as 

slowly as possible while the contact line is not moving. The difference between 

the advancing contact angle and the receding contact angle defines the hysteresis 

(CAH). Repeated experiments on different locations of the solid surface provide 

a reliable measure of the wettability of the macroscopically apparently 

homogeneous surface [42]. 

For smaller contact angles, the liquid adhesion is stronger whereas a larger contact 

angle will lead to a weaker adhesion.  

If the advancing contact angle is large and the hysteresis is small, the surface can 

be defined as hydrophobic[5]. The contact angle can be increased by higher: 

surface heterogeneity, surface roughness and liquid-substrate interaction. A very 

large advancing contact angle, 𝜃𝑎 > 150° ,  and a hysteresis smaller than 10 °, 

lead to a superhydrophobic substrate [43] [44].  

Numerical and experimental studies were done to observe the influence of CA and 

the CA hysteresis. 

An interesting numerical study was developed by Malgarinos et al. [45] which 

introduced a novel numerical implementation for the adhesion of droplets 

impacting on a dry surface. Compared to previous model, the information of the 

dynamic contact angle is not given as a boundary condition but is derived because 

of the acting wetting forces at the droplet rim under dynamic conditions. The 
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model is valid mainly for lower Weber number for which capillary force influence 

the spreading dynamics.  

Zhang et al. [46] focused on the impact of microscopic liquid droplets on solid 

surfaces considering a variety of surface characteristics using both molecular 

dynamics and lattice Boltzmann simulation techniques. By considering droplet 

impact on a surface with a cross-shaped region of one wettability superposed on 

a background with a different wettability value, they found out that spreading is 

quicker as wettability decreases. Consequently the final drops shapes is 

characterised by various indentations and protuberances and different degrees of 

spreading. This is due to the fact that different regions of the edge of a drop on a 

cross pattern have different contact angles, consequently the motion of the 

spreading droplet will no longer be radially symmetric. 

 

2.2.2  Hydrophobic and hydrophilic surfaces.   

 

The wettability of solid surface is governed by the chemical composition as well 

as the geometric structure of the surface. A material is hydrophilic when the 

intrinsic water contact angle (on its flat surface) is smaller than 90◦, and a material 

is hydrophobic when the intrinsic contact angle (CA) is greater than 90◦ [47] [48]. 

A hydrophobic substrate is defined as a surface capable to prevent the adhesion of 

the drops. The mobility of the liquid can be linked to the contact angle hysteresis 

which is influenced by the substrate characteristics. To fabricate super liquid-

repellent layers, there are two necessary conditions: The surfaces must be of low 

energy and their microstructure has to be designed to lead to the entrapment of air 

[49]. For example, Xu et al. [48] fabricated a low surface energy 

superhydrophobic metallic mesh with a simple spray method by a reaction 

between metal salts and alkanethiols. They found out that the largest loading 

capacity appeared with meshes having pore size of 90𝜇𝑚. 

The introduction of surface roughness is mandatory to obtain a superhydrophobic 

surface. Two different superhydrophobic states may occur on a rough surface: 

Wenzel’s state and Cassie’s state. The first case is characterised by a high CA 

hysteresis, the water droplets pin the surface in a wet-contact mode. In the second 

case the water droplets have a non-wet contact mode on the solid surface and can 
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roll off easily due to the low adhesive fore. An example is given by Lotus leaves 

which are superhydrophobic surfaces with a high CA and very low CA hysteresis. 

Thanks to their properties, surfaces that could mimic the hydrorepellency of lotus 

leaves have been the topic of an intensive research due to the several number of 

applications such as self-cleaning or anti-sticking applications[50]. The Lotus 

case, is a special state of the super-hydrophobic Cassie state [51]. 

In some situations in which a transition occurs between the Wenzel and Cassie 

state the water droplets can slide when the surface is tilted at a certain angle. The 

CA hysteresis can be determined in this case as the sliding angle. Fig. 13 shows a 

schematic of Wenzel, Cassie and Lotus state.  

 

 

Fig. 13 (a) Wenzel state, (b) Cassie state, (c) Lotus state [51] 

 

Summarising, a rough surface can be wet in one of two modes: 

 

• Cassie state: the interface under the droplet is liquid-gas due to gas 

remaining beneath the drop in the troughs of the rough surface.  

• Wenzel state: The entire solid surface under the drop is wetted by the drop. 

[52] 

 

The work of Cassie, Cassie-Bexter allowed the definition of an equation that helps 

to describe the phenomenon of hydrophobicity on surfaces. There are many 

different references to the Cassie equation in the literature but in many cases, they 

lead to imprecisions. One of the most common formula is given by  

 

𝑐𝑜𝑠𝜃𝑐 = 𝑓 ⋅ 𝑐𝑜𝑠 𝜃 − (1 − 𝑓)           2.21 

 

Where 𝑓 referred to the fractional projected area of a material with smooth surface 

contact angle 𝜃, (1 − 𝑓) indicates the contribution of remaining air under the 
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droplet and  𝜃𝑐 is the predicted Cassie Bexter contact angle. This equation can 

lead to several errors such as the interpretation and prediction of contact angle 

data on a surface and the transition criteria between Cassie and Wenzel state.  The 

original equation is given by  

 

𝑐𝑜𝑠𝜃𝑐 = 𝑓1 ⋅ 𝑐𝑜𝑠 𝜃1 − f2           2.22 

 

where 𝑓1  is defined as material 1, the total area of solid under the drop per unit 

projected area under the drop, 𝜃1 is defined as the contact angle on a smooth 

surface of the material 1 and 𝑓2 is defined in a similar way considering air as 

material 2 (𝜃2 = 180°).  

 Fig. 14 shows a schematic of three rough 2-D surfaces.  In the schematic,  material 

1 (solid) is in blue, material 2 (air) is in white, and the liquid is the cross-hatched 

area above the surface. Liquid–vapor and solid–liquid interfaces of drop are 

denoted by the black line [52]. 

 

 

Fig. 14 Schematic of rough surfaces: (i)Smooth -topped rough surface, no penetration 

of the liquid occurs. This leads to 𝑓1 = 𝑓     and 𝑓2 = (1 − 𝑓)  (ii) arbitrary rough 

surface with 𝑓1 ≠ 𝑓 ; 𝑓2 ≠ (1 − 𝑓)(iii) dual scale rough surface [52] 
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Several studies were done to analyse the properties of superhydrophobic and 

superhydrophilic surface and their effect on droplet impact and spreading.  

Tsai et al. [53] focused on the drop impact dynamics on superhydrophobic 

substrates. They compared drops impact onto super hydrophobic surfaces of 

controlled roughness and on CNF (carbon nanofiber). The CNF Carbon filaments 

were formed catalytically in metallic catalysts. They explored different roughness 

characteristics for different impact velocities (low and high Weber numbers).  

They observed that the impact evolution is similar in the case of small We for 

which a complete bouncing, partial rebouncing, trapping of an air bubble, jetting 

and sticky vibrating water balls occurs. Fig. 15 shows the results in the case of 

low Weber number. On the opposite, for large Weber number, a splashing 

outcome occurs, characterised by the formation of satellite droplets which are 

more pronounced in the case of the multiscale rough carbon nanofiber. Their 

results imply that the multiscale surface roughness at nanoscale plays a minor role 

in the impact events for We smaller than 120 but an important one for We larger 

than 120. 

 

 

Fig. 15 Droplets impact on Carbon nanofiber substrate at low Weber number [53] 
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Antonini et al. [54] investigated the spreading of millimetre water droplets on dry 

surface with hydrophilic and superhydrophobic surfaces. They identified two 

different regimes of spreading for the investigated droplets impact. 

For moderate Weber number, We<200, the drop maximum spread factor and 

spreading time are influenced by wettability whereas for We>200 the effect of 

wettability is negligible as the inertial effect is predominant on the capillary effect. 

In another similar research, Antonini et al. [55] performed an experimental study 

on oblique impacts of water droplets to analyse the outcome in case of 

hydrophobic and super-hydrophobic substrates, varying the substrate tilt angle. 

They observed six different outcomes which are reported in Fig. 16, no break up 

was observed that’s why it was possible to analyse the evolution of the fluid 

neglecting the presence of secondary droplets.  

 

  

Fig. 16 Impact of water on tilted substrates [55] 

 

They compared the different outcome obtained for the hydrophobic substrate and 

the super-hydrophobic substrate as a function of Weber number and tilt angle ( 

Fig. 17) 
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Fig. 17 Drop impact outcome map for different of substrate  [55] 

 

They pointed out that that surface tilting had a positive effect on drop shedding from 

the surface, allowing an easier de-wetting. 

Mazloomi Moqaddam et al. [56] focused on the regime of bouncing on macro-

textured superhydrophobic surfaces using the entropic lattice Boltzman model for 

multiphase flows. Focusing on pancake bouncing phenomenon, which occurs when 

the droplet after the impact leaves the surface in a pancake shape without retracting 

[57], they accurately estimated the transformation of kinetic energy in surface 

tension and vice versa. They presented numerical evidences for which  the reduction 

in contact time occurs exclusively to the increase of droplet surfase area acting as a 

storage of kinetic energy during the process. This energy balance analysis, allowed 

them to  acurately  design and optimize surfaces. The assumption behind the 

analysis was that the kinetic energy is completely converted into surface energy at 

the maximal penetration into the texture. Considering also the viscous dissipation 

the energy balance is given by 

 

𝐾 + 𝑆 + 𝛯 = 1           2.23 

 

where K, S, 𝛯 are respectively the kinetic energy, the surface energy and the viscous 

dissipation normalized respect to 𝐸0 which is equal to the sum of kinetic and surface 

energy at t=0 

 

𝐸0 = 𝐾0 + 𝑆0            2.24 
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An interesting study about surface wettability was done by Milionis et al. [58] who 

compared the behaviour of droplets impact in the case of water and haemolymph. 

Haemolymph is a substance which characterises insects, composed by a mixture of 

water (90%) and inorganic ions, carbohydrates, nitrogenous wastes, lipids, proteins 

and enzymes, pigments and hormones. Considering that haemolymph is principally 

composed by water, they first investigated the possibility of finding an analogy 

between water and haemolymph behaviour by using four different kinds of 

substrates: hydrophilic, super-hydrophilic, hydrophobic and super hydrophobic. 

They observed that the contact angle of water and haemolymph follows a similar 

value for the same surfaces. In the case of the superhydrophobic substrate which 

presents strong water and haemolymph repellent characteristic, by increasing the 

impact velocity and changing the tilt angle of the substrate, a few types of impact 

are observed (deposition partial rebound and splash with partial rebound). For all 

the other substrates the only observable outcome is the drop deposition. Fig. 18 

shows the regimes map they obtained and the droplet impact outcomes.  

 

 

Fig. 18 Haemolymph droplet impact regimes map (a) and outcome (b-c-d) [58] 
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2.3 Droplet impact on porous surfaces 

 

The phenomenon linked to the behaviour and outcome of droplets impact can be 

described in great detail for smooth surfaces. Many practical applications involve 

impacts onto surfaces of higher complexity, either morphologically or chemically, 

involving textured or porous surfaces or surfaces with non-uniform wettability [2] 

In this case the effect of surface topology on the phenomenon of droplet impact 

and evolution is not still fully understood. 

It is possible to classify porous media and layers considering the penetration of 

the liquid inside the pores. In dry porous medias the pore volume is filled with 

air, in saturated porous medias the pores are filled with liquid and in partially 

saturated porous media just part of the pores is filled with liquid. To understand 

the transport process on the macroscopic scale it is necessary to have detailed 

information of the micro- and nano-scopic processes taking place on the scale of 

single elements [59]. Fig. 19 shows a schematic of the dynamic of a droplet 

impacting on a porous surface.  

 

 

Fig. 19 Schematic of droplet impacting on a porous surface. 

 

The understanding of the parameters that play the most important role in the 

evolution of the droplet inside the pore is still an open question. Depending on the 

droplet size, the spreading will be affected by pores dimension and distribution. For 

example, plant leaves are characterised by stomal pores that can have different 

dimension and distribution depending on the species [60]. Fig. 20 shows a schematic 

of stomal size and distribution. 
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Fig. 20 Stomal size and density for different species [60] 

 

In the spraying of agrochemicals, droplets are distributed as aqueous solutions [5]. 

To maximize the effectiveness of the treatment in the case of spray retention 

process, drops should stick to the surface, it is a critical step of the pesticides 

applications since non-retained drops lead to a lower efficiency of the pesticide 

performance. The performance of the treatment can be enhanced with an accurate 

analysis of the size and distribution of the droplets [61], [62].  

As said porous surfaces find an application also in internal combustion engines in 

which the use of a porous medium (PM) enhances the performance of combustion 

[63]. PM burners can operate in two different modes. In the first mode, called matrix 

stabilized combustion, the combustion occurs within the pores of the PM and any 

un-reacted fuel reacts on or above the radiating surface of the medium. Basically, 

the radiating surface receives heat energy by convection from within the matrix and 

conduction from both inside and outside the radiating surface. The second mode is 

called stabilized mode and the combustion takes place just above the porous surface 

while the radiate surface is heated by hot gases above the surface.  

Substantially, by using a layer with a specific porosity in cylinder-process, it is 

possible to obtain homogeneous and low emission combustion by enhancing fuel 

vaporization and distribution in space [64]. The porous structure provides the fuel 

a path through a homogeneously radiant field which ensures droplet vaporization 
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and leads to a complete reaction[65]. Fig. 21 shows a sample of a porous surface, 

referring to all the possible applications in the combustion process.  

 

 

Fig. 21 Porous structure application in the combustion process  [64]. 

 

Another application is given by the deposition of dyes on papers in the ink-jet 

printing process [38] and droplet impact in cell printing [66]. Droplet impact on 

porous surfaces also finds an application in fire suppression [67] considering that 

fires generally involve burning porous material, as in the case of the splash 

dynamics of droplets of suppressant liquid generated by using sprinklers on burning 

surfaces.  

In the case of a filtration application,  the separation of liquid droplets from a vapour 

phase in the mist systems is a process of crucial importance in several industrial 

processes such as natural gas cleaning and crank case ventilation. The most efficient 

devices are fibrous filters which must be designed with a specific spatial 

distribution of the local porosity and fibre diameter [68].  

Considering the sheer number of practical applications that involve surfaces of this 

level of complexity, we have to underline the fact that the number of parameters 

that can affect the impact outcome is vast. For this reason, a range of numerical and 

experimental investigations is still required, for example, to quantify the imbibition 

due to porosity and identify the outcome of the impacts.  
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2.4 Droplet impact on porous surfaces: experimental studies  

 

To quantify the effect of liquid penetration in porous media, Sahu et al. [69] 

analysed the impact of nanoparticle suspension into porous filter membranes 

focusing on penetration given by the hydrodynamic effect. The hydrodynamic 

effect occurs when the penetration of the droplet into the pore is due to a larger 

dimension of the droplet diameter, respect to the pore diameter. They observed that,  

the penetration of the droplet into the pore is enhanced if the dynamic pressure is 

higher than the capillary pressure, but also when hydrodynamic focusing, is 

observed. Kumar et al.  [70] pointed out that the imbibition is influenced both by 

the material of the porous media and by capillary forces due to the capillaries 

formed by the porous bed. They observed that the time required for the droplet 

imbibition increases with the droplet diameter.   

Analysing the spreading behaviour of a droplet on a porous surface, Marston et al 

[71] presented results from an experimental study of impact of liquid drops onto 

powder beds pre-wetted with the impacting liquid. They based the analysis on a 

numerical study carried out by Clark et al. [72]. They found out that the maximum 

spread is a function of the moisture content in the powder bed which means that 

there is an optimum moisture content that can leads to a faster penetration. Fig. 22 

shows an example of the impact of a droplet on a porous dry surface compared to 

the impact of a droplet on a partially saturated powder.  
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Fig. 22 (a) Impact of droplet on a dry surface (b), (c) Impact of droplet on partially 

saturated powder. [71] 

 

Lorenceau et al. [73] analysed the impact of droplet against thin plates pierced with 

small holes. They focused on analysing the threshold velocity limit for which the 

liquid is captured by the surface or is ejected below it. Fig. 23 and Fig. 24 show 

respectively an example of droplet impact in which the droplet is captured by the 

surface and one in which is it can penetrate below it.  

 

  

Fig. 23 Impact of droplet captured by the surface [73] 

 

 

 

Fig. 24 Impact of droplet ejected below the surface  [73] 
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They identified a critical speed for which the droplet is not entirely captured by the 

plate but is ejected below the surface after the impact. They defined a critical Weber 

number and Reynold number based on the dimension of the pore.  

 

We∗ =
ρRpv∗

i
2

σ
          2.25 

Re∗ =
ρRpvi

∗

μ
          2.26 

 

Comparing the effect of the viscous and capillary force, they observed that in the 

limit of small Re, the viscous force is dominant and should be responsible for the 

capture of the drop. Increasing the Reynold number, Re> 100, the critical Weber 

number is found to be constant. In this regime, the critical speed does not depend 

on viscosity and is set by a balance between inertia and capillarity. Fig. 25 shows 

the graph pointing at the threshold velocity limit for which the droplet is captured 

by the surface or partially ejected. The thin line representing the velocity threshold 

for the droplet capture is given by the equation 

 

Re∗ =
5.1We∗

We∗−3.6
                                             2.27 

 

 

 

Fig. 25 Threshold velocity for capture [73] 

 

 

Piroird et al.[74] analysed droplet impacts on inclined fibers which are used to  

capture liquid droplet in the case of filers or fog’s net. In this kind of application, it 
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is mandatory to optimise the efficiency of capture. They observed that the capture 

efficiency depends on the impact velocity. At low impact speed, the droplet runs 

down along the fiber, leaving a film behind, whereas at higher impact speed the 

droplet crosses the fiber and get deflected. The process is shown in Fig. 26.  

 

 

Fig. 26 Droplet impact on a fiber (a) 𝑣 = 30
𝑐𝑚

𝑠
(b) 𝑣 = 45

𝑐𝑚

𝑠
 [74] 

 

They found out that the capture efficiency increases by tilting the fibre. If the tilt 

angle increases from 25° to 80° the velocity threshold below which a droplet is fully 

captured increases of a factor larger than 5.   

In a similar study, Yamamoto et al. [75], investigated droplets impact on textured 

stainless-steel surfaces fabricated by aligning steel razor blade in parallel. They 

observed a mechanism of partial penetration in interval of Weber number between 

5 and 10 because of the collapse of the air cavity at the centre portion of the recoiling 

droplet. Fig. 27 shows a picture of the set-up used for their experiments.   

 

 

Fig. 27 Droplet impact on a razor blade [75] 
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Delbos et al [76] investigated how the impregnation of porous media can be forced 

using the initial kinetic energy of a drop. Focusing on the scale of a single pore 

(either hydrophilic or hydrophobic), they observed a rich variety of regimes for 

different combinations of impact velocity, tube radius and wetting condition 

quantifing the velocity thresholds for the different regimes. At low impact velocities 

impregnation occurs. At high impact velocities, the drop breaks in two parts. One 

part of the droplet spreads at the top of the surface whereas the other part is trapped 

inside the pore.  They determined a diagram with a critical speed to separate this  

regime which is shown in Fig. 27. The circles correspond to the regime 

where the liquid inside the tube is still connected to the liquid outside , the squares 

to regime where no liquid is in the tube and the triangles to the formation of a slug. 

The critical velocity for slug formation is represented by the plain line and the 

dashed line is for the critical impact velocity for penetration of liquid into the tube. 

The equations for the threshold velocity are respectively  

 

1

2
ρ(v1)2 = −

2γ cos(θ)

rt
−

2γ

rd
                   2.28 

1

2
ρ(v2)2 = −

2γ cos(θ)

rt
+

2γ

rd
                   2.29 

 

where rd and rt are respectively droplet and tube radius, γ and ρ liquid surface 

tension and density and 𝜃 the contact angle. 

 

 

Fig. 28 Phase-diagram of the different regimes observed for water (open symbol) 

and water and glycerol mixtures (plain symbols). Drops impacting on hydrophobic tubes  

{Formatting Citation} 
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Xu et al. [77] performed a study of droplet impact on mesh  membranes which are 

a functionl material for gas-water or oil-water separation. As in the study of 

Lorenceau et al.[73], they determined a critical velocity for which after the impact, 

a daughter droplet will be generated below the pore. Their analysis shows that the 

liquid penetration is related to the number of mesh pores within drop project area, 

N. They defined N as 

 

 

N =
As

Au
=

πD2

4
⋅

1

(Dp+Dw)
2          2.30 

 

Wehre As and Au are respectively the projected area of the droplet on the surface 

before the impact and the unit area on the mesh, including a pore. 

 A higher value of N will lead to a smaller critical velocity for which the penetration 

occurs. Fig. 29 and Fig. 30 show an example of droplet impact on the same mesh 

but with a different initial diameter. In the case of Fig. 29, a intial diameter of 1.84 

mm leads to a N equal to 269 and a critical velocity equal to 1.56 m/s, whereas in 

the second example of Fig. 30, a initial diameter equal to 4.17 mm leads to a N equal 

to 1319 and to a critical velocity equal to 1.107 m/s.  

 

 

Fig. 29 Impact of droplet on a mesh surface with N=269 [77] 
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Fig. 30 Impact of droplet on a mesh surface with N=1319  [77] 

 

In determining the  critical velocity for which after the impact, a daughter droplet 

will be generated below the pore, they pointed out that drop impact on the 

membrane yields significant liquid compression resulting in an additional effect 

given by water hammer pressure which enhances droplet penetration. Hence the 

penetration occurs if the dynamic and water hammer pressure overcomes the 

capillary pressure. 

 

𝑝𝑑 + 𝑝𝑊𝐻 > 𝑝𝑐       2.31 

 

defining a coefficient, k given by the ratio of the dynamic pressure and the water 

hammer pressure, the same equation can be written as  

  

(1+𝑘)𝜌𝑣𝑖
2

2
> −

4𝜎𝑐𝑜𝑠𝜃𝐴

𝐷𝑤
       2.32 

 

where 𝜌 and 𝜎 are density and surface tension, 𝜃𝐴 is the advancing contact angle 

measured on the mesh and 𝐷𝑤 is the wire diameter. The coefficient k identifies the 

importance of the water hammer pressure and is correlated to N 

 

𝑘 =
8

1.1+
466

𝑁

− 1        2.33 

 

combining the previous equations yields to  
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−
𝑊𝑒𝑤

cos(𝜃𝐴)
= 1.1 +

466

𝑁
       2.34 

 

where the left side of the equation is defined as modified Weber number and 

includes the effect of the advancing contact angle. The modified Weber number 

reaches a minimum value of 1.1 if N is very large. The maximum value of the 

coefficient k is given by 6.27. The correlation of k and modified We number with 

N are shown in Fig. 31. 

 

 

Fig. 31 Correlation of k and modified Weber number to N [77] 

 

Ryu et al. [78] analysed droplet water impact on meshes with submillimetre pores, 

focusing on different surface wettability, hydrophobicity and super hydrophobicity. 

They observed that a higher impact velocity is required in order to enhance the 
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penetration in the case of the hydrophobic surface, whereas in the case of the super-

hydrophobic meshes, penetration may occur during the recoiling stage, at a lower 

velocity respect to the velocity limit for penetration. They proposed that this effect 

can be attributed to the hydrodynamic focusing or to the momentum transfer from 

the drop when it is about to bounce from the surface. They defined different cases 

of penetration base on is timing: IP (impact penetration), RP (recoil penetration), N 

(no penetration), I (incomplete penetration), C (complete penetration).  

The cases are shown in Fig. 32. 

 

 

Fig. 32 Sequential images of droplet dynamics (a) hydrophobic meshes (b) super 

hydrophobic meshes [78] 

 

Fig. 33 shows the penetration diagram in function of the impact velocity and the 

anti-penetration capillary pressure for hydrophobic meshes. In the diagram 

equations (1) is obtained considering the balance between dynamic pressure and 

capillary pressure by  
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𝐶0𝜌𝑈𝐼𝑃
2 = 𝑝𝑐    2.35 

 

𝑈𝐼𝑃 =
√𝑝𝑐

√𝜌
    2.36 

 

where 𝐶0 is a constant equal to 2.78.   

 

 

 

Fig. 33 Penetration diagram as a function of velocity and capillary anti-penetration 

pressure; hydrophobic meshes ; IP=impact penetration, RP=recoil penetration, N= no 

penetration, C= complete penetration  [78]  

 

Brunet et al. [79],  analysed droplet impact on hydrophobic micro-grids. They 

pointed out that above a threshold speed, liquid emerges on the other side of the 

grid forming microdroplets and proposed a model to produce monodisperse spray.  

Fig. 34 and Fig. 35 indicate respectively the dimensions of the different grids and 

the diagram of the number of the emerging droplet versus Weber number. The 

general trend shows an increase of droplets number at larger We.  
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Fig. 34 Dimension of different grids, b indicates the space between the holes and a is the 

diameter of the emitted droplet. The grids are characterised by pores with a trapezoidal 

shape in which dmax and dmin are respectively the largest and the smallest dimension of 

the trapezoidal hole. [79] 

 

 

Fig. 35 Number of emerging droplets for different grids [79] 

 

2.5 Numerical studies  

 

Several numerical studies were done to analyse the dynamics and physics of droplet 

impact on complex surfaces.  

Clarke et al.[80], combined a model linked to the droplet spreading with an equation 

to describe the imbibition process on a porous surface, developing a new model to 

describe the spreading and imbibition of droplet on porous membranes. The 

equations are respectively given by  

 



 

42 
 

∂r

∂t
=

2ks
0hλ

μν
sinh (γ(cos(θ0) −

cos(θ)

2nkbT
)       2.37 

r = [
3V

π
⋅ sin3(θ)/(2 − 3 cos(θ) + cos3(θ))]

1

3
      2.38 

 

The first equation results from the molecular-kinetic theory. 𝑘𝑠
0 is a molecular jump 

frequency at n sites of solid/liquid interaction per unit area of the substrate, h is 

Planck’s constant, 𝜈 is the molecular volume, 𝜆 is the molecular jump length, r is 

the base radius of the drop, 𝜇 is the viscosity, 𝜎 is the liquid surface tension, 𝜃0 is 

the equilibrium contact angle, 𝜃 is the instantaneous dynamic contact angle, 𝑘𝑏 is 

Boltzmann’s constant, and T is the temperature. 

The second equation describes the relaxation of the drop and V is the volume of the 

drop. 

Varying the liquids properties, they observed that the imbibition process is highly 

influenced by the magnitude of the surface tension. In fact, for higher surface 

tensions the imbibition process occurs in a time of more than 2 orders of magnitude 

longer respect to low surface tension liquids. This can be explained considering that 

liquids with a higher surface tension have a larger contact angle. Moreover, 

considering the porous structure, the complex internal geometry of real porous 

systems inhibits penetration by poorly wetting liquids. With a large contact angle, 

not all pores are filled. 

Lee at al. [81] presented an experimental investigation and numerical analysis of 

the absorption of water droplets impacting porous stones, capturing the full 

penetration process of the impinging droplet. They observed that for a short time 

after the impact, before the absorption phase, the droplet spreads without any mass 

penetration into the substrate showing a non-wetting dynamic behaviour, due to the 

presence of an air layer between the droplet and the porous substrate. Once the 

maximum spreading is reached, the layer between droplet and surface is broken at 

the contact line. This leads to capillary contact and a change of the contact angle 

form a non - wetting to wetting behaviour. The absorption phase is initially hindered 

by the presence of the entrapped air, but once the air disappears the absorption 

process starts and is faster in highly capillary active stones. Once the absorption 

process is over, the evaporation phase begins. Spreading and absorption are 

influenced by droplet initial velocity. They developed a finite-element numerical 
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model for isothermal moisture transport in unsaturated porous media, capable to 

capture properly the mass absorption. The model finds a good agreement with 

experimental data. Fig. 36 shows a schematic of droplet impact on a porous stone.  

 

 

Fig. 36 Schematic of droplet impact and penetration into a porous stone [81] 

 

Karepetsas et al.[82], investigated droplet interaction, considering both smooth and 

structured surfaces. Specifically, they focused on the droplet sliding on an inclined 

surface. They pointed out how dynamic hysteresis, given by the droplet motion 

along the inclined solid surface can be linked to the topography of the substrate and 

in the case of a structured surface, they predicted the effect of static hysteresis by 

observing that the droplet slides only beyond a certain critical inclination angle.  

Hicks et al. [83] compared droplet impacts on a porous substrate with a rough 

impermeable surface as an approximation for a textured surface. They found out 

that the change from a flat rigid impermeable plate to a porous substrate reduces 

the initial horizontal extent of the trapped air pocket, as the porosity structure 

provides additional pathways through which the gas can escape.  

They also investigated the effect of surface tension on gas-cushioned droplet 

impacts with porous surfaces and noticed that in contrast to the numerical 

predictions given for a droplet impacting above flat plate, when a porous substrate 

is included, the droplet free-surface touches down in finite time. This phenomenon 

leads to the physical explanation that the level of surface roughness is a critical 

parameter in determining the initial touchdown characteristics. To study the 

phenomenon, they defined an effective permeability k, depending on droplet radius 
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and initial velocity, liquid properties and actual substrate permeability. Fig. 37 show 

the evolution of the droplet free-surface (top) and gas film pressure (bottom) in 

time. Here h refers to the pillar size, 𝛼 is a coefficient which depends on the material 

and pore properties and 𝛿 = 1 indicates that slip is allowed.  

 

 

Fig. 37 Evolution of droplet free surface (top) and gas film pressure (bottom) in time. 

[81] 

 

Choi et al [84] developed a sharp-interface LS method to analyse droplet impact 

and penetration into a porous medium. They demonstrated the dependence of the 

droplet penetration width and depth on the initial droplet radius, impact velocity, 

contact angles, particles size and porosity. Fig. 38 and Fig. 39 show respectively the 

influence of droplet initial diameter and impact velocity on the droplet penetration. 
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Fig. 38 Effect of initial droplet radius on droplet penetration [84] 

  

Fig. 39 Effect of impact velocity on droplet penetration [84] 
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2.6 Medical applications  

 

Droplet impact on complex surface can also be linked to medical applications. In 

fact, thinking about a complex surface it is relevant consider characteristics such 

as elasticity, roughness and porosity for which reason it represents a good 

description of the human skin.  

The skin is defined as the largest human organ and ‘protective envelope’, which 

covers between 1.6 and 2 𝑚2 surface area of the human body in adults and accounts 

for approximately 16% of a person’s weight. 

The main duty of the skin is to protect the human body from the surrounding 

environment as an interface. In fact, skin mainly acts as a wall which protect human 

body from infections.   

Underlying organs are protected by the skin from pathogens and microorganisms, 

whereas the skin is exposed to potentially harmful microbial, thermal, mechanical, 

and chemical influences. Skin health also has a great importance and is a major 

concern for people which normally invest in skin product which efficiency can be 

enhance by a deeper knowledge of skin structure [85].   

The skin is composed by multiple layers: Stratum Corneum, Epidermis and Dermis 

[85]. The tribology of the skin is of great importance in different fields like sports, 

medicine and cosmetics. The complexity of his evaluation is due to its layered 

morphology and the viscoelastic plastic nature. The stratum corneum, top layer of 

the skin with a thickness of circa 20 𝜇𝑚, has a Young module of 1-3 GPa. This 

value may decrease of a factor of 100-1000 with increasing water content [86]. Fig. 

40 and Fig. 41 show a schematic of the skin structure.  
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Fig. 40  Structure of Human skin, functional layers . [85] 

  

 

 

Fig. 41  Atomic Force Microscope Images of wet human skin [86] 

 

Depending on the different kind of tissues that constitute human body, pore size 

can cover a different ranges. One of the most common theory which describes 

skin porosity is the aqueous pore pathway hypothesis which describes the 

transdermal transport of hydrophilic solutes into the skin. It states that the 
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transport of solutes across the skin is due to the presence of aqueous channel or 

pores with a cylindrical morphology, which crosses the skin barrier [35]. 

Several studies were done to deeply understand the human skin morphology and 

structure, in order to define its elastic properties and pores dimension. For example, 

a possible way to estimate the pore size on human skin is given by an analysis of 

its electro kinetic phenomena which can be applied on a human cadaver. In fact, 

iontophoresis, which applies voltage gradient on the skin, is recognised as an 

effective method which aims to enhance the transdermal delivery of drug [87], [88].  

A deeper understanding of the skin morphology allows an improvement of the drug 

delivery and absorption. Actually, if the key formulation features contributing to 

the drug penetration are determined, the optimization of the formulation becomes 

feasible [89]. 

Aguilella et al. [87] analysing the Stratum Corneum by using a microscopic 

model found a mean radius distribution of the pores of 20 nm.  

Lee et al. [90] by using a cosmetic cleanser composed by Diospyros kaki folium, 

observed that face skin pores size can decrease from 70 to 20 nm.   

Goswami et al. [91] analysed the oral mucosa for the delivery of hydrophilic 

macromolecules. To increase the penetration of the molecules that may occur via 

the aqueous route, it is essential to know the dimension of the route. They found 

out that the pores size is in a range between 1.8-5.3 Å.   

Considering the human skin, another physical characteristic that plays an 

important role is elasticity. The impact of droplets on membranes or elastic 

surfaces is linked as well to the concept of complex surfaces.    

Considering for example a membrane, it is possible to refer to the elastocapillary 

effect that occurs due to the double effect of capillary and elastic forces, i.e. 

substrate deformation. This kind of phenomenon can be easily observed in nature 

thinking about wetting of leaves, animal wings, bacteria adhesion on surfaces, 

self-organization of cell tissues and spreading of cells [92].  

Referring to how elasticity can affect droplet impact, in the work of Weisensee et 

al. [93] we can observe that, considering two different surfaces, both super-

hydrophobic but one elastic and the other rigid, the presence of elasticity will 

bring to a spread-boarding and will reduce the contact time of the droplet on the 

surface. Fig. 42 shows an example of the results they obtained.  
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Fig. 42 Surface characterization and dynamic behaviour of water droplet impact on 

rigid and elastic superhydrophobic surfaces [93] 

  

Considering again a medical application, by evaluating the kind of impact it is 

possible to estimate the elasticity of a certain tissue, as in the study of Dias et 

al.[94], that analysed elasticity and viscoelasticity in the anterior and deeper 

stromal regions of the cornea in order to halt the progression of specific corneal 

disorders such as keratoconus and post-LASIK corneal ectasia. An increase of 

corneal stiffness enhances the effects of the disorders.  

Great efforts have also been made to create a human skin Equivalent (HSE), that 

reproduce human skin [95]. 

In fact, considering that if the skin is damaged it becomes difficult to transplant, 

it is better to recur to an artificial skin which is becoming dramatically important 

in tissue market and texture engineering [96],[97],[98]. 

In order to reproduce human skin, Zhao et al. [99] successfully prepared a Porous 

dermal scaffold membrane (PDSM) by using a so-called sol–gel freeze-drying 

method. The tissue engineered dermal scaffold, plays an important role in tissue 

engineering technology of repairing damaged dermis. The biodegradable scaffold 

provides three-dimensional space and suitable environment which are beneficial 

for dermal cells’ growth, adhesion and proliferation. They obtained a very well 

distributed pore size, between 100 µm and 200 µm and a tensile strength was 

above 0.09 MPa. Fig. 43 shows a sample of the PDSM scaffold. 
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Fig. 43 Sem Image of PDSM scaffold [99] 

 

Lake et al. [100] analysed 5 prototype meshes composed of flat, monofilament 

polyethylene terephthalate. They did not observe a significant difference respect to 

mesh density, but they noticed that mechanical strength of tissue ingrown occurred 

as pore size increases. Hexagonal pores lead to a stronger tissue ingrowth. 

Zhang et al.[46], prepared porous composite scaffolds by combining polygrlycerol-

sebacate (PGS) with silk fibroin microfibers and chitosan. They evaluated the 

biocompatibility of the PGS base composites scaffold for a tissue engineering 

application by doing cell culture experiments. They observed a good proliferation 

and penetration of the cells into the composite.    
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3 Materials and Method  

 

3.1 Surface and Liquid Properties 

 

The target surfaces used in the present research, were selected from a set of 

stainless steel metal meshes mainly used for filtration applications, with pore 

equivalent diameter varying from 25 to 400 𝜇𝑚 (Plastok® Meshes and Filtration 

Ltd., Birkenhead, Merseyside, UK). This represents a kind of structured porous 

surface that can be characterised by two parameters, mesh wire diameter and pore 

width, both of which were varied. The surfaces are characterised by a woven 

structure with cross sectional areas. Table 1 lists the properties of the meshes used 

in experiments. Fig. 44 shows a sample scanning electron microscope (SEM) 

image of the stainless steel meshes with the corresponding static contact angle 

and advancing contact angle.  

 

Table 1 Meshes properties 

Sample Number  Pore Equivalent 

Diameter (µm)  

Wire Diameter (µm) 

1  25    25  

2  50    36  

3  80              65  

4  100              65  

5  150             100  

6  200             125  

7  250             100  

8  400             220  

  

Three liquids were used: water, acetone and a glycerol-in-water solution, G&W, 

composed of 20% of water and 80% of glycerol (by volume), to analyse the effect 

of viscosity and surface tension of liquid. The properties of the liquids are listed 

in Table 2.  
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A combination of different surface porosities and liquids is needed to study how 

the impact outcome is influenced by liquid physical properties and mesh 

geometry.  

Table 2 Liquid Properties 

Liquid  Density 

(kg/m3)  

Viscosity 

(mPa s)  

Surface 

Tension 

(N/m)  

Water  996  1  0.073  

Acetone  793      0.30  0.023  

Water & Glycerol  1118.6  10  0.067  

 

The value of density, viscosity and surface tension for the solution of water & 

glycerol are given considering the average of 3 different measurements done on the 

same mixture. The viscosity and the surface tension were calculated respectively 

with a viscosimeter and a rheometer. The rheometer was calibrated on distilled 

water with a surface tension of 0.073 N/m.  

 

 

Fig. 44  SEM images of the stainless steel meshes and measures of static and advancing 

contact angle.  

 

The reported static contact angle of water on stainless steel is usually of 71° whereas 

in the case of the meshes used for the experiments it falls in a ranges between 

84°&125 °. This can be explained considering the fact that the woven structure of 
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the mesh can also affect the wettability properties enhancing the roughness of the 

surface. To confirm the average pore dimension for each mesh, an analysis was 

done on the SEM pictures with the Smart TIFF software, checking the dimension 

of 5 pores for each case. Table 3 confirms that the average measure is accurate 

enough. Subsequently it was observed from the experimental analysis that the slight 

difference in the pore dimension does not affect the final outcome. 

 

Table 3 Pore dimension measured with the smart TIFF software 

Mesh N° Measure 1 

(µm)  

Measure 2 

(µm) 

Measure 3 

(µm) 

Measure 4 

(µm) 

Measure 5 

(µm) 

Average 

(µm) 

σ(µm) 

        1 24.94 25.23 28.80 29.69 22.86 26.3 2.85 

2 84.11       82.14 83.13 78.14 77.19 80.9 3.09 

3   106.9 107.9 110.8 112.8 110.8 109.8 2.40 

4   127.7 127.7 124.7 130.6 125.7 127.3 2.27 

5   158.3 158.3 156.4 159.3 158.3 158.1 1.05 

6   204.9 203.4 203.4 206.3 207.8 205.1 1.91 

7   253.8 247.9 246.4 249.4 245.8 248.6 3.19 

8   410.3 405.2 400.3 400.3 404.3 404.0 4.14 

 

3.2 Experiment groups and set-up  

 

The experiments were organised in different groups characterised by a different 

combination of initial parameters such as impact velocity, droplet diameter and 

liquid physical properties. To obtain a range of impact velocity between 2 m/s and 

4 m/s, the height of release was varied between 20 cm and 80 cm. The droplet is 

manually released from the needle exclusively thanks to gravity force. Two 

different needle sizes, 21 gauge, (0.82 mm OD, 0.51 mm ID) and 26s gauge (0.47 

mm OD, 0.13 mm ID) were used to vary drop diameter. The 26s gauge was filed 

to make droplets fall vertically and with a better repeatability. (Fig. 2a-b). It is 

important to observe the effect of a different drop size on the surface to evaluate 

in which way the ratio between the pore size and the droplet size can affect the 

final outcome.  
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Fig. 45 (a) Needle size 21-gauge (b) Needle size 26s-gauge 

 

To confirm repeatability, the droplet impact was recorded at least 5 times under 

each set of impact conditions. 

The optical setup included a Photron Fastcam SA4 high speed camera with a 

resolution of 1024x800 pixels (Fig. 46). The lens used to record each video is a 

Sigma 24-70mm F 2.8 EX DG.  

 

 

Fig. 46 Photron Fastcam 
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The test area was illuminated using a custom-built high-speed LED light source, 

synchronised to the high-speed camera and spatially homogenised by lenses and 

a glass diffuser (Fig. 47 a-b). 

 

 

Fig. 47 (a) LED light source (b) Diffuser 

 

3.2.1 Attached meshes 

 

In the first set-up in order to focus mainly on the meshes woven structure 

characterised by porosity and roughness, they were carefully attached on a flat 

surface made of stainless steel, pressed by means of a steel ring with a diameter 

of 3 cm , side dimensions of 5x5 cm and thickness of 5 mm (Fig. 48). This allows 

to avoid flexing during droplet impact and air entrapment effect. The camera was 

angled at 60° with respect to the horizontal plane. Fig. 49 shows a picture of the 

first set-up. 
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Fig. 48 Steel ring 

 

 

Fig. 49 Optical set-up schematic for the flat meshes configuration 

 

Table 4, shows in detail the combination of parameters that was chosen for each 

experiment. Exploring different combinations of impact velocity, pore size and 

liquid properties, allows to achieve a better understanding of the distribution of the 

different outcomes.  
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Table 4 Experiments group - attached meshes 

Test 

Group 

N° 

Liquid Height of 

Release (cm) 

We Oh Needle 

Gauge 

Mesh 

sample 

1 Water 20.3 140.8 0.002 21 1-2-4-6-7-8 

2 Water 44.3 330.1 0.002 26s 1-2-3-4-5-7 

3 Water 80.3 628.2 0.002 21 1-2-4-6-7-8 

4 Water 20.3 92.1 0.003 26s 1-2-3-4-5-7 

5 Water 44.3 217.4 0.003 21 1-2-4-6-7-8 

6 Water 80.3 400.8 0.003 26s 1-2-3-4-5-7 

7 Acetone 20.3 255.7 0.002 21 1-2-4-6-7-8 

8 Acetone 44.3 593.2 0.002 26s 1-2-3-4-5-7 

9 Acetone 80.3 1027.3 0.002 21 1-2-4-6-7-8 

10 Acetone 20.3 216.5 0.002 26s 1-2-3-4-5-7 

11 Acetone 44.3 522.9 0.002 21 1-2-4-6-7-8 

12 Acetone 80.3 918.5 0.002 26s 1-2-3-4-5-7 

13 W&G 20.3 148.9 0.022 21 1-2-4-6-7-8 

14 W&G 44.3 357.3 0.022 26s 1-2-3-4-5-7 

15 W&G 80.3 647.0 0.021 21 1-2-4-6-7-8 

16 W&G 20.3 87.4 0.029 26s 1-2-3-4-5-7 

17 W&G 44.3 174.2 0.031 21 1-2-4-6-7-8 

18 W&G 80.3 317.5 0.032 26s 1-2-3-4-5-7 

 

  

3.2.2 Suspended meshes 

 

In the second configuration, a portion of the mesh was suspended using initially 2 

clamped rings with a 20 mm inner diameter, side dimensions of 5x5 cm and 

thickness of 5 mm. The rings are characterised by an aperture of 10 mm which 

allows to visualise and record the process with the camera as it is shown in Fig. 50. 
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Fig. 50 Steel rings with 1 cm aperture 

  

The mesh was compressed between the 2 clamped rings with a screw per corner to 

maintain the adhesion of the mesh and reduce the vertical movement.  It was 

observed that at higher impact velocities a small vertical movement of the mesh 

occurred after the impact of the droplet. The amplitude of the oscillation increases 

with the impact velocity but decreases with the wire diameter . To verify if the 

amplitude of the oscillation can influence the final outcome, some of the 

experiments were repeated using other 2 rings with diameters of 15 mm and 25 mm 

respectively, which offered smaller and larger unclamped area for the suspended 

mesh compared to the original case. For this set-up the camera was located parallel 

respect to the horizontal plane (Fig. 51). 

 

 

Fig. 51 Optical set-up configuration suspended meshes 

 

Table 5 shows in the details the experiment groups and the combinations of 

different initial parameter done for the suspended mesh set-up. 
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Table 5 Experiments group-suspended meshes 

Test 

Group 

N° 

Liquid Height of 

Release 

(cm) 

We Oh Needle 

Gauge Mesh sample 

1 Water 20.3 129.2 0.002 21 1-2-4-5-6-7-8 

2 Water 44.3 282.6 0.002 26s 1-2-4-5-6-7-8 

3 Water 80.3 475.0 0.002 21 1-2-4-5-6-7-8 

4 Water 20.3 89.7 0.003 26s 1-2-4-5-6-7-8 

5 Water 44.3 209.7 0.003 21 1-2-4-5-6-7-8 

6 Water 80.3 359.9 0.003 26s 1-2-4-5-6-7-8 

7 Acetone 20.3 244.1 0.002 21 1-2-4-5-6-7-8 

8 Acetone 44.3 513.7 0.002 26s 1-2-4-5-6-7-8 

9 Acetone 80.3 830.4 0.002 21 1-2-4-5-6-7-8 

10 Acetone 20.3 190.7 0.002 26s 1-2-4-5-6-7-8 

11 Acetone 44.3 396.7 0.002 21 1-2-4-5-6-7-8 

12 Acetone 80.3 641.1 0.002 26s 1-2-4-5-6-7-8 

13 W&G 20.3 163.6 0.022 21 1-2-4-5-6-7-8 

14 W&G 44.3 323.4 0.022 26s 1-2-4-5-6-7-8 

15 W&G 80.3 550.3 0.023 21 1-2-4-5-6-7-8 

16 W&G 20.3 121.9 0.024 26s 1-2-4-5-6-7-8 

17 W&G 44.3 272.5 0.024 21 1-2-4-5-6-7-8 

18 W&G 80.3 462.3 0.024 26s 1-2-4-5-6-7-8 

       

     

3.3 Image Analysis 

 

The pixel size and corresponding physical dimension was calibrated with the 

Photron Fastcam video processor, knowing the size of the aperture on the steel ring 

(10 mm). 1 pixel has the dimension of 0.0658 mm. After the calibration, the length 

of the 1 cm aperture was measured 5 times giving the result shown in Fig. 52. 
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Test N° Aperture length (mm)  

Test 1 9.34±0.13 

Test 2 9.73±0.13 

Test 3 10.00±0.13 

Test 4 9.73±0.13 

Test 5 10.06±0.13 

 

 

Fig. 53 Pixel/mm calibration with the Photron Fastcam video processor 

 

A purpose-built image processing algorithm was developed using MATLAB to 

measure the droplet initial diameter and the maximum spreading area of the impact. 

Impact velocity was also determined by measuring the rate of displacement of the 

droplet’s centre of mass from the video images Fig. 54 and Fig. 55 show an example 

of the image analysis for the measurement of the falling drop’s diameter. The image 

processing algorithm follows the droplet fall for a certain number of frames. The 

measure of the droplet diameter is given by the average of all the measurements 

taken in each frame. Following the trajectory of the droplet centre of mass and 

taking in account the tilted angle of the camera, the code is capable to compute the 

impact velocity the droplet.  

 

 

Fig. 54 MATLAB Image analysis flat meshes 
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Fig. 55 MATLAB Image analysis suspended meshes 

 

The MATLAB code, which operates thanks to a contour detection with threshold 

on grey level gradient, was validated by repeating the impact using a glass marble 

having a diameter of 3 mm. Realising the marble from a high of 22 cm and 

repeating the impact for 5 times, we obtained the results in Table 6 which prove 

the accuracy of the code. The uncertainty on the measure is given by the pixel/mm 

calibration.  

Table 6 

Set of 5 typical measurements to validate the MATLAB code for a glass marble with a 

dimeter of 3 mm 

Case N° Velocity 

(m/s)  

Marble 

Diameter (mm)  
1 1.80 2.9±0.13 

2 1.77 2.8±0.13 

3 1.87 2.9±0.13 

4 1.78 2.9±0.13 

5 1.80 2.9±0.13 
 

 

In the case of the suspended mesh, an estimation of the liquid penetration is given, 

computing the volume of the single droplet ejected from the surface after the 

impact or subtracting the volume of the remaining cap above the mesh from the 

initial volume Fig. 56 (a-b). 
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Fig. 56 Liquid penetration on the suspended mesh. 

 

The initial volume of the droplet is calculated from the droplet radius, assuming 

that the droplet has a perfectly spherical shape. Consequently, in the case shown 

in Fig. 56 (a), the liquid penetration will be given by 

 

Vpenetration = ∑
3

4
πri

3n
i=1           3.1 

 

Which corresponds to the sum of all the single droplets ejected below the mesh. 

In the case of Fig. 56 (b), due to the complexity of the outcome, it is not possible 

to calculate the volume of the droplets ejected below the mesh therefor the liquid 

penetration will be given by  

 

Vpenetration = Vi − Vcap =
3

4
πr3 − πh2(rc −

h

3
)        3.2 

 

Where Vi and Vcap are respectively the initial volume of the droplet and the 

volume of the cap left above the mesh, and rc and h , the radius and the height of 

the cap. 

 

3.4 Error Analysis 

 

Both in the case of the flat mesh and the suspended mesh, each experiment was 

repeated 5 times to have a statistical approach and avoid human error. The following 

analysis shows the error given by the measurement of droplet diameter and impact 

velocity. 

 

3.4.1 Attached meshes error analysis 

 

Table 7 shows in detail the standard deviation (σ) of the impact velocity, We and 

Oh numbers for the case of the attached meshes, considering the three liquids, the 

different needles and the height of release.  

 

Table 7 
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 Error analysis of impact velocity for water, acetone and water & glycerol   

Height of 

Release 

(cm) 

Needle 

Gauge Liquid 

Mean 

Velocity 

(m/s)  

σ Velocity 

(m/s) 

  

σ We σ Oh 

20.3  21  Water 1.8  0.17  24.26 0.00003 

44.3  21  Water 2.9  0.11  25.22 0.00004 

80.3  21  Water 3.9  0.16  59.20 0.00004 

20.3  26s  Water 1.9  0.11  10.64 0.00005 

44.3  26s  Water 2.9  0.14  28.17 0.00007 

80.3  26s  Water 3.9  0.16  39.12 0.00004 

20.3  21  Acetone 1.9      0.13  33.07 0.00005 

44.3  21  Acetone 2.9      0.17 96.72 0.00005 

80.3  21  Acetone 3.9      0.17 110.05 0.00003 

20.3  26s  Acetone 1.9  0.13  33.50 0.00003 

44.3  26s  Acetone 2.9  0.17  70.11 0.00004 

80.3  26s  Acetone 3.7  0.20  123.33 0.00007 

20.3  21  W&G 1.8  0.07  11.61 0.00011 

44.3  21  W&G 2.7  0.10  30.55 0.00027 

80.3  21  W&G 3.7  0.07  28.10 0.00025 

 20.3  26s  W&G 1.8  0.12  12.85 0.00113 

44.3  26s  W&G 2.7  0.15  19.47 0.00136 

80.3  26s  W&G 3.8  0.11  40.84 0.00182 

  

Table 8 shows in detail the error analyses on the droplet diameter dimension for 

the first group of experiments. The height of release is not taken into account 

because it does not influence the droplet dimension.  

Table 8 

Error analysis of initial diameter for water, acetone and W&G 

Needle 

Gauge 

No.  

Liquid  

Mean  

Diameter  

(mm)  

      σ 

(mm)  

21  Water  3.0  0.12  

26 s  Water  1.9  0.09  

21  Acetone  2.0  0.11  
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26 s  Acetone  1.7  0.10  

21  W&G 2.9  0.06  

26 s  W&G 1.5  0.18  

 

To further confirm the repeatability of the experiments, Table 9-Table 11 show an 

example of a typical set of 5 measurements  for water, acetone and water & glycerol, 

given the same initial condition. 

 

Table 9 

Set of 5 typical measurements to confirm the repeatability for water with gauge No. 21 

and high of release equal to 44.3 cm   

Case N° Velocity 

(m/s)  

Droplet 

Diameter (mm)  

 We Oh 

1 2.86 2.9 330.85 0.0022 

2 3.00 3.0 369.31 0.0021 

3 2.71 3.0 308.24 0.0021 

4 2.81 2.9 320.29 0.0021 

5 2.70 2.9 296.26 0.0022 
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Table 10 

Set of 5 typical measurements to confirm the repeatability for acetone with gauge No. 

21 and high of release equal to 44.3 cm   

Case N° Velocity 

(m/s)  

Droplet 

Diameter (mm)  

 We Oh 

1 2.83 1.78 490.63 0.0017 

2 2.72 1.96 498.20 0.0016 

3 2.74 1.95 507.67 0.0016 

4 3.15 1.86 634.57 0.0016 

5 2.76 1.86 488.71 0.0016 

  

Table 11 

Set of 5 typical measurements to confirm the repeatability for water & glycerol with 

gauge No. 21 and high of release equal to 44.3 cm   

Case N° Velocity 

(m/s)  

Droplet 

Diameter (mm)  

 We Oh 

1 2.96 2.88 421.39 0.0017 

2 2.95 2.95 427.64 0.0016 

3 2.73 2.88 358.52 0.0016 

4 3.00 3.08 461.98 0.0016 

5 3.06 2.86 447.30 0.0016 

  

3.4.2 Suspended meshes error analysis (ring 20 mm inner diameter) 

 

The same analysis was done for the case of the suspended meshes. Table 12 and  

Table 13 show respectively the error given on the impact velocity and drop 

diameter.  In the first set of the experiments, a portion of the mesh was suspended 

using a ring with a 20 mm inner diameter. 
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Table 12 

Error analysis of impact velocity for water, acetone and water & glycerol suspended 

meshes 

Height of 

Release 

(cm) 

Needle 

Gauge Liquid 

Mean Velocity 

(m/s)  

σ  (m/s) 

  

σ We σ Oh 

20.3  21  Water 1.86 0.03 
4.9 0.00002 

44.3  21  Water 2.76 0.03 
6.9 0.00001 

80.3  21  Water 3.59 0.06 
30.2 0.00005 

20.3  26s  Water 1.78 0.03 
4.5 0.00003 

44.3  26s  Water 2.70 0.04 
5.9 0.00000 

80.3  26s  Water 3.53 0.06 
12.0 0.00000 

20.3  21  Acetone 1.83 0.01 
4.4 0.00001 

44.3  21  Acetone 2.66 0.08 
30.9 0.00000 

80.3  21  Acetone 3.39 0.06 
37.3 0.00002 

20.3  26s  Acetone 1.80 0.08 
19.6 0.00002 

44.3  26s  Acetone 2.61 0.06 
15.2 0.00002 

80.3  26s  Acetone 3.33 0.10 
40.3 0.00003 

20.3  21  W&G 1.86 0.01 
3.1 0.00013 

44.3  21  W&G 2.71 0.02 
8.7 0.00023 

80.3  21  W&G 3.57 0.03 
11.9 0.00007 

 20.3  26s  W&G 1.81 0.01 
6.6 0.00063 

44.3  26s  W&G 2.67 0.02 
6.5 0.00019 

80.3  26s  W&G 3.49 0.04 
12.8 0.00006 

 

Table 13 Error analysis of initial diameter for water, acetone and W&G, suspended 

meshes 

Needle 

Gauge No. Liquid 

Mean 

Diameter 

(mm) 

σ 

(mm) 

21 Water 2.72 0.07 

26 s Water 2.10 0.04 

21 Acetone 2.10 0.03 

26 s Acetone 1.69 0.04 

21 W&G 2.66 0.08 

26 s W&G 2.27 0.06 
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To further confirm the repeatability of the experiments, Table 14- Table 16 show 

an example of a typical set of 5 measurements for water, acetone and water & 

glycerol, given the same initial condition. 

Table 14 

Set of 5 typical measurements to confirm the repeatability for water with gauge No. 21 

and high of release equal to 44.3 cm   

Case N° Velocity 

(m/s)  

Droplet 

Diameter (mm)  

 We Oh 

1 2.75 2.92 300.64 0.0022 

2 2.74 2.71 277.24 0.0023 

3 2.76 2.71 282.06 0.0023 

4 2.72 2.72 273.45 0.0023 

5 2.72 2.71 274.29 0.0023 

 

Table 15 

Set of 5 typical measurements to confirm the repeatability for acetone with gauge No. 

21 and high of release equal to 44.3 cm   

Case N° Velocity 

(m/s)  

Droplet 

Diameter (mm)  

 We Oh 

1 2.65 2.12 509.82 0.0015 

2 2.60 2.11 492.36 0.0015 

3 2.66 2.12 515.97 0.0015 

4 2.66 2.13 514.50 0.0015 

5 2.61 2.11 494.64 0.0015 

 

Table 16 

Set of 5 typical measurements to confirm the repeatability for water & glycerol with 

gauge No. 21 and high of release equal to 44.3 cm   

Case N° Velocity 

(m/s)  

Droplet 

Diameter (mm)  

 We Oh 

1 2.71 2.73 334.69 0.0221 

2 2.70 2.70 328.97 0.0222 

3 2.70 2.71 331.13 0.0222 

4 2.72 2.73 336.05 0.0221 

5 2.72 2.71 335.27 0.0222 
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3.4.3 Spreading analysis 

 

Measurements of droplet spreading diameters we made (d) as a function of time t. 

The dimensionless diameter and time are defined as [21]. 

 

 

d(t)∗ =
d(t)

do
          3.3 

 

t∗ = t ⋅
vi

d
          3.4 

 

Where do is the droplet initial diameter, d(t) the time-varying diameter after impact 

and 𝑣𝑖 the impact velocity. The measurement of the spreading evolution was done 

for water droplets impacting on meshes with pore sizes equal of 25, 100 and 200 

𝜇𝑚. Fig. 57 shows the spreading evolution of a droplet of water impacting on a 

mesh with pore size equal to 25 𝜇𝑚. 

 

 

Fig. 57 Spreading analysis for water droplet impact at 𝑑𝑖 = 3.0𝑚𝑚  and 

 𝑣𝑖 = 2.87
𝑚

𝑠
 on a mesh with 𝐷𝑝 = 25 𝜇𝑚 

   

The standard deviation on the maximum spreading for all the cases is about 4%. 
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4 Experiments and Results 

 

A first attempt of the experiments  in the case of attached meshes, shown the results 

reported in Fig. 58 and Fig. 59.  

 

 

Fig. 58 Deposition outcome: 𝑑 = 3,019 𝑚𝑚, 𝑣𝑖 = 1,76 𝑚/𝑠, 𝐷𝑝 = 25𝜇𝑚, 𝐷𝑤 = 25𝜇𝑚 

  

 

Fig. 59 Partial imbibition outcome: 𝑑 = 3,065 𝑚𝑚, 𝒗𝒊= 1,71 𝑚/𝑠, 𝐷𝑝 = 𝐷𝑤 = 25𝜇𝑚.  

Same impact parameters, different outcome. 

 

The experiments shown in Fig. 58  and in Fig. 59 were done using the same initial 

parameters in terms of impact velocity, liquid properties and mesh pore dimension. 

Nevertheless, a different outcome was observed. In the first sequence (Fig. 58 ), the 

droplet, after the impact, remains completely above the surface after the spreading 

and the recoiling. In Fig. 59  it is possible to observe that during the recoiling, part 

of the liquid penetrates below the surface. The penetration is possible due to the 

woven structure of the mesh that gives a pathway between the metallic mesh and 

the solid surface to whom it is attached, allowing part of the droplet to flow inside 

as it is shown in Fig. 60. 

 

Fig. 61 a) Droplet impacting on the woven mesh b) Droplet penetrating below the mesh 

through the pathway left by the woven structure 
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The first results obtained show clearly that a more accurate description of the 

phenomenon is required to clarify for which condition it is possible to observe a 

specific outcome or a transition region between a deposition of the droplet above 

the surface or a partial penetration inside the pores. 

 

4.1 Attached meshes 

 

By observing the result of the experiments, it was possible to identify 6 different 

outcomes.  

For a low velocity impact, these outcomes are a deposition, a partial imbibition and 

a penetration. 

For a high velocity impact, the same outcomes are observable, but it is possible to 

have a transition to a splash, which is still characterised by a final deposition, partial 

imbibition and penetration.  

Whereas for the deposition and the partial imbibition, both in the case of impact 

with splash or without splash, the time scale is about 20 ms, in the case of the 

penetration the process is much faster, with a duration of 4 ms.  

It was also observed that the splash regime linked to the final deposition outcome 

is not very frequent, due to the fact that a higher impact velocity will enhance the 

probability of a penetration of the liquid below the mesh. 
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4.1.1 Regime definition  

 

The main outcomes are shown in the video sequences below reported in Fig. 62. 

 

 

 Fig. 62  Impact outcomes for water droplets. (a) Deposition: The droplet impacts on the 

substrate and after the spreading and recoiling the liquid remains deposited over the surface 

with no penetration. (b) Partial imbibition: The droplet impacts on the substrate. During the 

spreading and the recoiling part of the liquid penetrates below the surface. (c) Penetration: 

The droplet impacts on the substrates. Due to the larger dimension of the pores, no 

spreading occurs and the complete penetration process is almost instantaneous. (d) Splash 

& Deposition: The droplet impacts on the surface with a higher velocity, after the splash 

all the liquid remain deposited on the surface. (e) Splash & partial imbibition: The droplet 

impacts on the surface with a higher velocity, after the splash, part of the liquid penetrates 

below the surface. (f) Splash & Penetration: The droplet impacts on the surface with a 

higher velocity and due to the larger dimension of the pore, after the splash all the liquid 

penetrates below the surface. 

 

In Fig. 62(a), the deposition outcome is characterised by the fact that, in a range of 

15-20ms after the drop impacts on the substrate, and after the spreading and the 
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recoiling, it is still possible to observe a liquid pancake on the surface without a 

proper imbibition, and the droplet recoils in an asymmetrical shape.  

At time t= 0 the droplet impacts on the surface and the spreading phase begins. At 

t= 3.6 ms, the droplet reaches the maximal spreading diameter having an almost 

perfect circular shape. The recoiling phase begins. At t=9 ms, during the recoiling 

it is still not possible to detect an imbibition of the liquid under the surface. At t=20 

ms it is possible to observe the final liquid pancake having an asymmetrical shape. 

Removing the mesh to clean the substrate, no liquid is detected underneath which 

confirms that no penetration occurred.  

The partial imbibition, in Fig. 62 (b), can be considered as a transition outcome in 

which starting from the spreading and mainly during the recoiling process after the 

impact, part of the liquid penetrates under the surface and part of the liquid is 

deposited on the substrate in a time range of 15-20 ms. 

At time t= 0 the droplet impacts on the surface and the spreading phase begins. At 

t= 2.8 ms, the droplet reaches the maximal spreading diameter showing already a 

partial imbibition at the centre of the spreading. The recoiling phase begins. At t=9 

ms, it is possible to observe clearly the formation of a crater at the centre of the 

droplet. At t=20 ms the recoil phase ends. 

In the case of penetration, in Fig. 62(c), the liquid penetrates completely through the 

mesh pores after the impact (2-4 ms), consequently it is not possible to distinguish 

a spreading or a recoiling phase.  

In Fig. 62 (d), at time t= 0 the droplet impacts on the surface and it is possible to 

detect a splash due to the higher impact velocity, the spreading phase begins. At t= 

3.2 ms, the droplet reaches the maximal spreading diameter. The recoiling phase 

begins. At t=7.2 ms, during the recoiling it is still not possible to detect an 

imbibition of the liquid under the surface. At t=20 ms it is possible to observe the 

final liquid pancake. 

In Fig. 62 (e), at time t= 0 the droplet impacts on the surface showing a splash 

outcome and the spreading phase begins. At t= 2.2 ms, the droplet reaches the 

maximal spreading diameter showing already a partial imbibition located at the 

upper part of the droplet. The recoiling phase begins. At t=9 ms, it is possible to 

observe the formation of a small craters in the upper part of the droplet. At t=20 ms 

the recoil phase ends. 
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Finally, in Fig. 62 (f), for the splash & penetration outcome, the liquid penetrates 

completely through the mesh pores after the impact in a range of time between 2 

and 4 ms, consequently it is not possible to distinguish a spreading or a recoiling 

phase.  

Focusing on the transition between deposition and partial imbibition and according 

to the study of Ryu et al. [78], the penetration dynamics of water droplet through a 

mesh can be explained with the balance between the penetration pressure and the 

resisting capillary force. This balance can be written as 𝐶0𝜌𝑣𝑖
2 = 𝑝𝑐 with 𝐶0 being a 

proportional constant. From this balance they obtained the equation to find the 

velocity threshold for which imbibition occurs (𝐶0=2.87).  

In Fig. 63, the threshold equation of Ryu et al. [78] is used to point out at the regime 

boundary and separate our results in two different regions. The attempt of using the 

equation to separate the two different regimes shows that there is still an overlap of 

the two different regions which leads to the conclusion that the results from Ryu et 

al. [78] are not in perfect agreement with ours. In the experiments of Ryu et al. [78], 

the meshes are suspended and not attached to another solid surface, as a results the 

threshold they described, cannot be perfectly adapt to our case.  

 

Fig. 63  Threshold velocity for deposition-imbibition (for water, d ranging between 1.5 

and 3mm) : comparison with the equation of Ryu et al. [78]  

 

Lorenceau et al. [73] studied the impact of a droplet on a surface pierced by a single 

hole, with varying diameters ranging from 0.13–0.45 mm, and identified a critical 

speed above which the droplet is not entirely captured by the plate but passes 
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through it after the impact. Their analysis compared the stagnation pressure in the 

droplet after impact to the capillary pressure and shear force opposing the 

movement of liquid through the pore.  

Fig. 64 shows the graph pointing at the threshold velocity limit for which the droplet 

is captured by the surface or ejected. The thin line curve representing the velocity 

threshold for the droplet capture is given by the equation 

 

𝑅𝑒∗ =
5.1𝑊𝑒∗

𝑊𝑒∗−3.6
                                             4.1 

 

 

 

Fig. 64 Threshold velocity for capture [73] 

 

It is possible to compare this result to our case, considering the regimes of the 

deposition and the partial imbibition. In fact, the range in which Lorenceau et al. 

[73] operated focuses only on the threshold for which part of the liquid droplet is 

not entirely captured by the plate but partially passes through it, without delimiting 

a region for a splash regime or a complete penetration of the droplet.   
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Fig. 65 Threshold velocity for capture (water, d ranging between 1.5 and 3mm): 

comparison with our results (attached meshes) [73] 

 

The curve defined by Lorenceau et al. [73], fails to perfectly describe the separation 

between the regimes. The experiments of  Lorenceau et al. [73], aims to analyse the 

impact of a droplet on a plate with a single hole, consequently the threshold they 

define to separate the regimes, predictabily cannot be perfectly applicable in our 

case.   

Focusing again on our results which involve also the complete penetration 

phenomenon and higher impact velocities, we can make another consideration. The 

stagnation pressure when a droplet impacts on a solid surface is given by  

 

Ps =
1

2
ρvi

2          4.2 

The capillary pressure resisting liquid penetration into a pore with opening size 𝐷𝑝 

is  

 

Pc =
2σ

Rp
=

4σ

Dp
          4.3 

 

While the viscous shear stress can be estimated as being of order of magnitude 
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τ~μ
vi

Dp
                        4.4 

In the limit of low velocity (𝑣𝑖 → 0) viscous forces are negligible and capillary 

forces dominate. For liquid to penetrate a pore we require 𝑃𝑠 ≫ 𝑃𝑐, or, 

 

Wep =
ρvi

2Dp

σ
≫ 8                      4.5 

 

alternatively, if the pore diameter is small (𝐷𝑝 → 0), or liquid viscosity is large, 

viscous forces dominate. In that case we require for liquid penetration to occur that 

𝑃𝑠 ≫ 𝜏, or 

 

Rep =
ρVDp

μ
≫ 50             4.6 

 

Rep and Wep are the Reynolds and Weber numbers respectively, based on the 

mesh pore diameter as a length scale. These represent the lower limits on the value 

of Rep and Wep required for liquid penetration to occur. Fig. 66 shows the values 

of Rep and Wep, for the cases where either liquid deposition or penetration was 

observed. Based on our results, the limits of Wep>8 and Rep >50 demarcate the 

boundary between deposition and penetration. 

 

Fig. 66  Data distribution for water, acetone, water & glycerol (d ranging between 1.5 and 

3mm)  as a function of Re and We. Transition between deposition and penetration. 
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In the limit of small Rep, the dominant force is viscous shear so that droplets 

cannot penetrate into the pores and that the final outcome of impact is droplet 

deposition on the mesh. At larger Rep (Rep>50) viscous forces are no longer the 

dominant factor and penetration is controlled by a balance of capillary and inertial 

forces. For 50<Rep<230, a transition region occurs in which both capillary and 

inertial forces may affect penetration. For 𝑅𝑒𝑝 > 230 , the only observable 

outcome is the penetration and inertial forces are dominant.  

This analysis is limited to the range of data achievable from the experimental 

conditions. For example, in the case of the transition region, there is no data for 

Wep>10 and it not possible to determine if the deposition or penetration domain 

could be extended also to this area.  

Comparing our results to the study of Ryu et al. [78] and Lorenceau et al. [73] we 

have to remark  that  in the case of Ryu et al. [78] the threshold velocity is related 

to water droplet and in the case of Lorenceau et al. [73]. a lower range of impact 

velocity is taken in account. In both cases the complete penetration outcome and 

the splash regime are not observed. For this reason, it is suggested to find a 

different combination of parameter to define the regime separation for a more 

generic case. 

 

4.1.1 Spreading analysis 
 

Liquid penetration can also affect droplet spreading on top of the mesh. Impact 

dynamics were observed for droplets impacting on meshes with different pores 

dimensions (25, 100 and 200 µm) at three different impact velocities (1.8 m/s, 2.9 

m/s and 3.9 m/s). 

In order to plot the trend of the spreading in time, the dimensionless diameter D∗ 

and time t∗ were used. Fig. 67-Fig. 74 show the spreading evolution calculated 

considering the average trend of 5 impact. The standard deviation value is round 

4%.   

Table 17-  
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Table 19 show the average measurement for the spreading evolution in time 

considering the different cases. 

 

Table 17 

Spreading evolution for water droplet 𝑑 = 3.00𝑚𝑚  𝐷𝑝 = 25𝜇𝑚  

𝐷𝑝 𝑣𝑖 = 2
𝑚

𝑠
 𝑣𝑖 = 3

𝑚

𝑠
 𝑣𝑖 = 4

𝑚

𝑠
 

25 𝜇𝑚 𝑑∗ 𝑡∗ 𝑑∗ 𝑡∗ 𝑑∗ 𝑡∗ 

1.00±0.043 0.00 1.00±0.043 0.00 1.00±0.043 0.00 

1.01±0.043 0.12 1.03±0.043 0.19 1.04±0.043 0.26 

1.02±0.043 0.24 1.12±0.043 0.38 1.05±0.043 0.52 

1.15±0.043 0.37 1.24±0.043 0.57 1.71±0.043 0.78 

1.21±0.043 0.49 1.58±0.043 0.77 2.12±0.043 1.04 

1.43±0.043 0.61 1.84±0.043 0.96 2.58±0.043 1.30 

1.67±0.043 0.73 2.12±0.043 1.15 2.79±0.043 1.56 

1.84±0.043 0.85 2.39±0.043 1.34 3.07±0.043 1.82 

2.01±0.043 0.98 2.54±0.043 1.53 3.28±0.043 2.08 

2.13±0.043 1.10 2.91±0.043 1.72 3.41±0.043 2.34 

2.34±0.043 1.22 3.01±0.043 1.91 3.60±0.043 2.60 

2.52±0.043 1.34 3.12±0.043 2.10 3.71±0.043 2.86 

2.57±0.043 1.46 3.24±0.043 2.30  

2.68±0.043 1.59 3.30±0.043 2.49 

2.75±0.043 1.71  

2.80±0.043 1.83 

2.86±0.043 1.95 
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Table 18 

Spreading evolution for water droplet 𝑑 = 3.00𝑚𝑚  𝐷𝑝 = 100𝜇𝑚  

𝐷𝑝 𝑣𝑖 = 2
𝑚

𝑠
 𝑣𝑖 = 3

𝑚

𝑠
 𝑣𝑖 = 4

𝑚

𝑠
 

100 𝜇𝑚 𝑑∗ 𝑡∗ 𝑑∗ 𝑡∗ 𝑑∗ 𝑡∗ 

1.01±0.043 0.00 1.00±0.043 0.00 1.00 0.00 

1.04±0.043 0.12 1.02±0.043 0.12 1.02 0.12 

1.06±0.043 0.24 1.36±0.043 0.24 1.22 0.24 

1.20±0.043 0.37 1.62±0.043 0.37 1.56 0.37 

1.28±0.043 0.49 1.90±0.043 0.49 1.91 0.49 

1.46±0.043 0.61 2.02±0.043 0.61 2.11 0.61 

1.86±0.043 0.73 2.07±0.043 0.73 2.21 0.73 

1.87±0.043 0.85 2.28±0.043 0.85 2.33 0.85 

1.97±0.043 0.98 2.71±0.043 0.98 2.39 0.98 

2.05±0.043 1.10 2.79±0.043 1.10 2.35 1.10 

2.23±0.043 1.22 2.88±0.043 1.22  

2.32±0.043 1.34 2.85±0.043 1.34 

2.31±0.043 1.46  
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Table 19 

Spreading evolution for water droplet 𝑑 = 3.00𝑚𝑚  𝐷𝑝 = 200𝜇𝑚  

𝐷𝑝 𝑣𝑖 = 2
𝑚

𝑠
 𝑣𝑖 = 3

𝑚

𝑠
 𝑣𝑖 = 4

𝑚

𝑠
 

200 𝜇𝑚 𝑑∗ 𝑡∗ 𝑑∗ 𝑡∗ 𝑑∗ 𝑡∗ 

1.00 0.00 1.00 0.00 1.00 0.00 

1.07 0.12 1.05 0.12 1.05 0.12 

1.10 0.24 1.18 0.24 1.39 0.24 

1.22 0.37 1.35 0.37 1.60 0.37 

1.34 0.49 1.64 0.49 1.89 0.49 

1.47 0.61 1.88 0.61 2.20 0.61 

1.59 0.73 2.28 0.73 2.28 0.73 

1.82 0.85 2.42 0.85 2.26 0.85 

2.00 0.98 2.50 0.98   

2.09 1.10 2.50 1.10   

2.17 1.22  

2.19 1.34 

2.18 1.44 

 

Due to tilted angle of the camera, we can trace the spreading evolution just 4-6 ms 

after the impact. Looking at Fig. 67, it is possible to remark that given the same 

impact velocity, in the case of a porous surface with 100 µm porosity and above, 

the maximum spreading diameter will be lower. 
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Fig. 67  Spreading analysis: Liquid: Water, Droplet initial diameter= 3 mm, Impact 

velocity= 1.87 m/s 

 

This phenomenon can be explained assuming that with a larger pore size, the liquid 

will have more chances to get through the pores. Moreover, it is important to 

consider also the fact that at larger pore size, corresponds also a larger wire 

diameter. Consequently, there will be a higher energy loss during the spreading that 

will bring to a smaller maximum spreading diameter.  

Sivakumar et al. [101] analysed water droplet impact on stainless steel structured 

surfaces. They focused on the evolution of the spreading diameter of the droplet on 

rough surfaces, comparing it to the evolution of the spreading diameter on a smooth 

surface. Fig. 68 shows a schematic of the structure they used for the experiments. 
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Fig. 68 Details of the geometrical parameters of the structured surface [101] 

 

Looking at the surface geometry, they defined a roughness factor given by 

 

𝑟 = 1 +
4𝑤𝑑

(𝑤+𝑏)2          4.7 

 

Where d and w are respectively the height and the width of the square pillar and b 

the width of the groove. In the case of our research, the wire diameter can be 

considered as a roughness parameter, in fact it was observed that not only the pore 

dimension but also the wire diameter will affect the value of the maximum 

spreading diameter. Considering the roughness factor introduced by Sivakumar et 

al. [101], we can assume for our case that  

d=w=𝐷𝑤          4.8 

where 𝐷𝑤 is the wire diameter and  

 

b=𝐷𝑝         4.9 

 

where 𝐷𝑝 is the pore diameter. 

As for our case, Sivakumar et al. [101], worked on water droplets with a diameter 

of 3 mm, impacting on a stainless steel surface. They observed that an increase of 

the value of d, and consequently of the roughness factor r, will lead to a smaller 
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spreading diameter. Fig. 69 shows the evolution of the spreading they obtained for 

different value of r, at We=80.2. 

 

Fig. 69  Droplet spreading evolution. The open circles are for r= 1.33, the open triangles 

are for r= 2, the open squares are for r=2.67. The filled circles correspond to the 

spreading of a droplet on a smooth surface [101] 

 

They also observed that, for the same roughness factor r, increasing the impact 

velocity (Weber number), the maximum spreading diameter will increase but it will 

always be lower respect to the case of droplet impact on a smoot surface. Their 

results are shown in Fig. 70. 

 

Fig. 70  Droplet spreading evolution for r=2. The open circles refer to the jet spreading 

and the open triangles refer to the lamella spreading. The filled circle correspond to the 

spreading of a droplet on a smooth surface[101] 

 

We observed a similar behaviour in our results, in fact a higher value of r will lead 

to a smaller maximum spreading diameter as is shown in Fig. 71 . 
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Fig. 71  Spreading analysis: liquid: water, droplet initial diameter= 3 mm, Impact 

velocity= 1.87 m/s at different values of r; We=140.8 

 

 Fig. 72 shows the spreading diameter for water droplets on a 25 µm mesh (r=2) 

at three different velocities. The spread factor increases with impact velocity, as 

is observed for droplet impact on a solid surface. For 𝑣𝑖 = 2 𝑚/𝑠, the maximum 

spread factor is about 2.7 whereas at 𝑣𝑖 = 4 𝑚/𝑠, the maximal spread factor is 

equal to 3.7. Table 20 lists the values of 𝑊𝑒𝑝 for each of these velocities. For a 25 

µm mesh 𝑊𝑒𝑝 is always less than the critical value of 8, implying that there is no 

penetration into the mesh. Droplet impact dynamics are similar to those seen on 

an impermeable surface. The equation to describe the spreading evolution on a 

smooth surface is given by [24] 

    

𝐷𝑚𝑎𝑥 =
√𝑊𝑒+12

3(1−𝑐𝑜𝑠𝜃𝑎)+4(
𝑊𝑒

√𝑅𝑒
)
          4.10 

 

Were 𝜃𝑎 is the dynamic contact angle after the spread and 𝐷𝑚𝑎𝑥 the maximum 

spreading diameter [24]. In this specific case, considering a water droplet of 3mm 

diameter and three impact velocities of 1.8; 2.9 and 3.9 m/s, the maximum 

spreading diameter on a smooth stainless-steel surface, would be given respectively 
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by 4, 4.6 and 5. The difference in maximum spreading diameter for a smooth 

surface and a porous surface will increase, increasing the size of the pores and the 

wire which will affect the roughness of the surface as well.    

 

 

 

Fig. 72  Evolution of dimensionless spreading diameter with time for water droplets with 

𝑑 = 3 mm. 𝐷𝑝 = 25 µm, 𝐷𝑤 = 25 µm (r=2) 

 

Fig. 73 and Fig. 74, show respectively droplet impact on a mesh with 100 µm and 

200 µm pores.  

In the case of droplet impact on a mesh of 100 µm, r=2.56 (Fig. 73), at the lowest 

velocity (1.8 m/s), the maximum spread factor is approximately 2.4. The spread 

factor is lower than it was on the 25 µm mesh as there will be a higher penetration 

of the liquid in the pores and the roughness factor is higher. At the same condition, 

in the case of droplet impact on a mesh of 200 µm (Fig. 74), the maximum spread 

factor is 2.2. As said, the weaker spread can be explained by two different reasons: 

(i) for a larger pore size, a higher percentage of liquid will penetrate below the 

surface leading to a lower spreading diameter; (ii) at a larger pore size corresponds 

also a larger wire diameter, consequently during the spreading, the greater 

“roughness” will enhance the viscous dissipation leading to a smaller spreading 

diameter.  



 

86 
 

In fact, the 200 𝜇𝑚 pore size mesh in which case the maximum spreading diameter 

is lower, is characterized by a wire diameter of 125 𝜇𝑚 , whereas the 25 𝜇𝑚 pore 

size mesh has a wire diameter of only 25 𝜇𝑚.  

 

Fig. 73 Evolution of dimensionless spreading diameter with time for water droplets with 

𝑑 = 3 mm.𝐷𝑝 = 100 µm, 𝐷𝑤 =  65 µm. (r=2.54) 

 

Fig. 74 Evolution of dimensionless spreading diameter with time for water droplets with 

𝑑 = 3 mm 𝐷𝑝 = 200 µm, 𝐷𝑤 = 125 µm. (r=2.6) 
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For a mesh with 200 µm pores and 𝑊𝑒𝑝= 9.1 at the lowest impact velocity, this is 

barely above the limit for penetration to occur. The reduced droplet spreading in 

this case is therefore most probably the result of surface roughness due to the larger 

wire diameter. 

When the impact velocity is increased to 2.9 m/s the droplet spread increases, 

though it is less than it was on a 25 µm mesh (compare Fig. 72 and Fig. 74). For this 

case 𝑊𝑒𝑝= 22.5 (see Table 20), implying significant penetration of liquid into pores. 

A calculation of the volume of the voids in the mesh under the droplet at its 

maximum spread showed that it was approximately 48% of the initial droplet 

volume (Table 8), so a significant amount of liquid could have been trapped in pores.  

Increased loss of liquid in the pores would explain why less was left on the surface 

to spread. To determine if the volume of pores was sufficient to cause a significant 

loss of liquid volume of the voids in the mesh under the droplet at its maximum 

spread was calculated.  

 

Table 20 

Percentage of liquid penetration for water. 

Experiment 

N 

𝑣𝑖 (m/s) 𝑊𝑒𝑝 𝐷𝑚𝑎𝑥 

(mm) 

𝐷𝑤(mm) 𝐷𝑝(mm) Void 

volume % 

1 1.8 1.1 8.6 0.025 0.025 12 

2 2.9 2.8 9.8 0.025 0.025 16 

3 3.9 5.2 10.8 0.025 0.025 20 

4 1.8 4.6 6.4 0.065 0.1 20 

5 2.9 11.2 7.7 0.065 0.1 29 

6 3.9 20.8 7.0 0.065 0.1 24 

7 1.8 9.1 6.2 0.125 0.2 36 

8 2.9 22.5 7.2 0.125 0.2 48 

9 3.9 41.5 6.4 0.125 0.2 38 

 

 

Considering a droplet that has spread to its maximum extent (Fig. 75). The area 

covered by the spreading droplet is given by 
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𝐴𝑠𝑝 = (
𝐷𝑚𝑎𝑥

2

4
𝜋)           4.11 

 

 

Fig. 75 Impact and spreading of the droplet on the porous surface 

 

To estimate the number of pores (n) under the droplet it was assumed that there is 

a square of equal area (Fig. 76) with each side covering x pores and x+1wires so 

that 

 

𝐴𝑠𝑝 = 𝐴𝑒𝑞 = (𝐷𝑝 ⋅ 𝑥 + (𝑥 + 1)𝐷𝑤)
2
 

 

Where 𝐷𝑝 and 𝐷𝑤  are respectively pore and wire diameter 

 

  

Fig. 76 Equivalent area for the spreading 
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Consequently, the total number of pores per side will be 

 

𝑛 = 𝑥2 = [
(√𝐴𝑠𝑝 − 𝐷𝑤 )

𝐷𝑝 + 𝐷𝑤
]

2

   

The void volume will be given by multiplying the volume of a single pore by the 

total number of covered pores.  

Considering that the mesh consists of overlapped wires which have a cylindrical 

shape, the volume of the single pore will be given by 

 

𝑉𝑝 = 2𝐷𝑤 ⋅ (𝐷𝑝 + 𝐷𝑤)
2

 –  2 ⋅ (𝐷𝑝 + 𝐷𝑤) ⋅
𝜋 ⋅ 𝐷𝑤

2

4
 

 

Consequently, the entire void volume is 

𝑉𝑣𝑜𝑖𝑑 = 𝑛 ⋅ 𝑉𝑝          4.12 

 

Table 20 lists the void volume as a percentage of the liquid volume in a drop for 

different impact conditions and mesh sizes. At the highest impact velocity (3.9 m/s) 

on a mesh with 0.2 mm pores the void volume is very significant, being 38% of the 

drop volume. At a lower impact velocities the droplet spread is larger and therefore 

void volume is even greater, 48%.  

 

4.1.2 Time scales 

 

It was observed that in the case of full penetration, it is not possible to define a 

spreading of the droplet on the surface because the entire droplet penetrates inside 

the pores right after the impact. Considering the instant in which the droplet touches 

the surface, the time required for the first half of the spherical droplet to penetrate 

inside the surface will be given by 

𝑡𝑝 =
𝑑

2𝑣𝑖
          4.13 
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Once that the first half of the droplet, completely penetrates inside the surface, no 

spreading is detectable, and penetration occurs. This leads to a dimensionless time 

equal to  

 

𝑡𝑝
∗ =

𝑡𝑝𝑣𝑖

𝑑
=

1

2
= 0.5                                4.14 

 

This result finds a good agreement with the spreading analysis in Fig. 67 in which 

the spreading evolution take part for dimensionless time larger than 0.5.  

If 𝑡∗ < 0.5 = 𝑡𝑝
∗  , after the droplet impacts on the surface, no spreading phase or 

recoiling phase are detectable because all the liquid will penetrate inside the surface.  

If 𝑡∗ > 0.5 = 𝑡𝑝
∗

, the spreading of the droplet will occur and, depending on the 

pore diameter, impact velocity and liquid properties, there will be a partial 

imbibition of the liquid inside the surface. 

 

4.1.3 Regime distribution as a function of the initial parameter 

 

To remark the influence that the liquid physical properties have on the final 

outcome, it is important to have a look at the evolution of the regimes for water, 

acetone and water & glycerol separately. Having a different time scale does not 

allow to represent the regimes in a unique graph, for which reason it was chosen to 

analyse separately the transition between deposition and partial imbibition and the 

transition between deposition and penetration. Fig. 77 and Fig. 78 show the regimes 

distribution for water respectively in the case of separation between deposition- 

penetration and deposition- partial imbibition. We can observe that in the case of 

water, an almost equal distribution of deposition, partial imbibition and penetration 

is achievable. Considering Fig. 77, for pores with a diameter larger than 0.2 mm the 

only dominant outcome is the penetration. This behaviour is due mainly to a larger 

dimension for the pores.   
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Fig. 77  Regime distribution for water (d ranging between 1.5 and 3mm)  as a function of 

impact velocity and pore diameter, transition between deposition and penetration; 𝑡∗ <

0.5  

 

Considering Fig. 78, the separation between deposition and partial imbibition, we 

can observe that with increasing impact velocity a transition occurs between 

deposition and partial imbibition until a value of impact velocity higher than 3.5 

m/s for which the partial imbibition is the only dominant outcome.  
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Fig. 78  Regime distribution for water (d ranging between 1.5 and 3mm) as a function of 

impact velocity and pore diameter, transition between deposition and partial imbibition; 

𝑡∗ > 0.5 

 

In the case of water, it is consequently possible to achieve a clear distribution of the 

regime, considering only a geometrical characteristic of the mesh and the impact 

velocity.  

On the contrary for the acetone, Fig. 79 and Fig. 80, due to the lower viscosity ad 

surface tension of the liquid, the dominant outcome is given by a penetration and 

deposition is almost absent. 
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Fig. 79 Regime distribution for acetone (d ranging between 1.5 and 3mm) as a function of 

impact velocity and pore diameter, transition between deposition and penetration; 𝑡∗ <

0.5 

 

 

Fig. 80 Regime distribution for acetone (d ranging between 1.5 and 3mm) as a function of 

impact velocity and pore diameter, transition between deposition and partial 

imbibition. 𝑡∗ > 0.5 
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On the opposite, for the solution composed by water and glycerol, Fig. 81, due to 

the higher viscosity of the liquid, the dominant outcome is given by the deposition 

and penetration does not occur. The partial imbibition occurs only for higher value 

of impact velocity.  

 

  

Fig. 81  Regime distribution for water & glycerol (d ranging between 1.5 and 3mm) as a 

function of impact velocity and pore radius, transition between deposition and partial 

imbibition. 𝑡∗ > 0.5 

 

 

According to Sahu et al. [69], who analysed the impact of nanoparticle suspension 

into porous filter membranes focusing on penetration given by the hydrodynamic 

effect, the penetration into porous medium is possible when the dynamic pressure 

is higher than the capillary pressure, but also when hydrodynamic focusing, that 

occurs when the drop diameter is much larger than pore diameter, is observed. 

The dynamic and capillary pressure are given respectively by 

 

𝑝𝑑 =
1

2
 𝜌𝑣𝑖

2          4.15 

  𝑝𝑐 =
4𝜎

𝐷𝑝
                  4.16 
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where 𝜌 is the density of the droplet, 𝑣𝑖 the impact velocity, 𝜎 the surface tension 

and 𝐷𝑝 the mean pore diameter.  

Fig. 82 and Fig. 83, show the regime distribution of the results obtained for three 

different liquids, considering capillary and dynamic pressure. We can observe that 

the results are in agreement with the conclusions from Sahu et al [69].  

  

 

Fig. 82 Deposition- Penetration transition for water, acetone and water & glycerol (d 

ranging between 1.5 and 3mm) as a function of dynamic and capillary pressure 𝑡∗ < 0.5 
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Fig. 83 Deposition- P. Imbibition transition for water, acetone and water & glycerol (d 

ranging between 1.5 and 3mm)  as a function of dynamic and capillary pressure 𝑡∗ > 0.5 

 

The transition between deposition and penetration, Fig. 82 shows that for higher 

values of capillary pressure the only dominant outcome is the deposition. It is 

possible to observe a transition interval in which both outcomes are possible, for 

value of 𝑝𝑐 in a range of 500-1000 Pa. Finally, for value of capillary pressure lower 

than 250 Pa, the only dominant outcome is the penetration. 

In Fig. 83, consequently for the separation between deposition and partial 

imbibition, we can observe a transition between the two regimes increasing the 

value of the dynamic pressure. For lower values of the capillary pressure and higher 

values of dynamic pressure, the partial imbibition is the mainly diffused outcome 

and the effect of dynamic pressure is dominant.  As Sahu et al. [69] observed, our 

results show that penetration will be mainly enhanced by higher value of dynamic 

pressure respect to the capillary pressure, 𝑝𝑑 ≫ 𝑝𝑐 , but it will be influenced also 

by the hydrodynamic focusing, in fact in our case the size of the droplet diameter is 

much larger than the pore diameter, d≫ 𝐷𝑝. 
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4.1.4 Regime map 
 

As said, it was observed that penetration and partial imbibition occur at different 

time-scales. 

For this reason, it was chosen to define separately the transition between deposition 

and partial imbibition and the deposition and penetration in two regimes maps.  

 

4.1.4.1 Dimensionless diameter 

 

To distinguish the different outcome regimes, a first attempt was made, 

considering a dimensionless diameter given by the ratio between pore size and 

droplet size, 𝛽.  

 

𝛽 =
𝐷𝑝

𝑑
          4.17 

 

It was initially considered that there could be a dependence between the outcome 

and the ratio given by the pore size and the droplet diameter Fig. 84 shows the 

transition between deposition and penetration. Even if it is possible to observe 

that there is a correlation between the increasing of the Weber number and the 

transition from the deposition to the penetration, the distribution of the two 

regimes is still unclear and it is not possible to separate the two outcomes.  
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Fig. 84  Regime distribution for water, acetone, water & glycerol (d ranging between 1.5 

and 3mm)  as a function of 𝛽. Transition between deposition and penetration. 𝑡∗ < 0.5 

 

Fig. 85 shows the transition between deposition and partial imbibition. Even in this 

case for higher Weber number the dominant outcome is given by the partial 

imbibition, but the distribution for Weber number in a range between 200 and 400 

is still unclear. 
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Fig. 85 Regime distribution for water, acetone, water & glycerol (d ranging between 1.5 

and 3mm)  as a function of 𝛽. Transition between deposition and partial imbibition. 𝑡∗ >

0.5 

 

It can be seen that the separation of the outcomes is not clearly defined and, 

consequently, 𝛽 is not the best parameter to define the different outcome regions.  

 

4.1.4.2 Mesh geometry 

Considering the woven structure of the mesh, it was observed that the wire 

diameter also plays an important role in determining the evolution of the spreading 

of the droplet on the surface (conferring a surface roughness) and consequently 

the percentage of liquid penetration. For this reason, a second attempt was made, 

introducing a new geometrical parameter given by the ratio of the empty area over 

the full area of the mesh pore 

 

𝛾 = (1 +
𝐷𝑤

𝐷𝑝
)

2

          4.18 
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where 𝐷𝑤   is the mesh wire diameter and 𝐷𝑝  the pore diameter. This number was 

obtained considering that the ratio of the 2 areas can be written as  

 

 𝜸 =
𝑨𝒇𝒖𝒍𝒍

𝑨𝒆𝒎𝒑𝒕𝒚
=

(𝑫𝒑+𝑫𝒘)𝟐

𝑫𝑷
𝟐 =

𝑫𝒑
𝟐+𝟐𝑫𝒑𝑫𝒘+𝑫𝒘

𝟐

𝑫𝒑
𝟐 =

𝑫𝒑
𝟐(𝟏+𝟐

𝑫𝒘
𝑫𝒑

+
𝑫𝒘

𝟐

𝑫𝒑
𝟐 )

𝑫𝒑
𝟐 =  𝑫𝒑

𝟐 ⋅
(𝟏+

𝑫𝒘
𝑫𝒑

)
𝟐

𝑫𝒑
𝟐 = (𝟏 +

𝐷𝑤

𝐷𝑝
)

2

 

 

Fig. 86 shows schematically the interaction of the droplet with the mesh geometry.  

 

  

  

Fig. 86 Impact and spreading of the droplet on the porous surface. 

  

Fig. 87  shows the distribution between deposition and penetration. 
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Fig. 87 Regime distribution for all the liquids (d ranging between 1.5 and 3mm) as a 

function of 𝛾. Transition between deposition and penetration. It is shown that a clear 

distribution of the regions is still not achievable. 𝑡∗ < 0.5 

We can conclude that the use of 𝛾 eads to a better separation of the regimes but still, 

for Weber number in a range between 200 and 400 it is not possible to have a clear 

separation of the regimes. For lower Weber number values, the only dominant 

outcome is given by the deposition. 

Fig. 88 shows the distribution between deposition and partial imbibition. In this 

case the distribution is still confused and in particular for lower Weber numbers 

values it is not possible to obtain a clear separation between the two regimes.

 

Fig. 88  Regime distribution for all the liquids (d ranging between 1.5 and 3mm)  as a 

function of 𝛾. Transition between deposition and partial imbibition. 𝑡∗ > 0.5 

 

From the graphs above, we can conclude that by using 𝛾, a clearer distribution of 

the outcomes is achieved in the case of water and a solution of water and glycerol, 

but the case of acetone is still not clarified. It is still not possible to clearly define 

the regions of deposition -partial imbibition and deposition-penetration having 

liquids with different characteristics of physical properties. Therefore, it is 

necessary to modify the dimensionless numbers used to define the regime map 
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and find a better combination capable to take in account of all the effects that can 

influence the impact outcome.  

4.1.4.3 Final regime distribution  

 

By looking at the previous results, we can notice that 𝛾 leads to an improvement 

of the separation of the regimes distribution. In fact, the mesh is characterised by 

two parameters which are pore diameter, 𝐷𝑝 and wire diameter, 𝐷𝑤. The previous 

analysis remarks that both of these geometrical measures influence the outcome 

of the impact. This is proved for example considering the spreading evolution, in 

which a higher pore dimension and wire diameter, leads to a higher penetration 

of the liquid below the mesh.  

We can conclude that 𝛾 could be the best choice in terms of geometrical 

parameters to obtain a separation of the regimes.  

On the opposite, the Weber number does not allow a good separation. This is 

because there are multiple liquids properties that influence the nature of the 

outcome. Considering for example the W&G solution which is characterised by 

a very high viscosity, the dominant outcome is the deposition and the penetration 

is almost absent. On the opposite, in the case of acetone, the dominant outcome 

is given by the penetration which is driven by a lower surface tension which will 

lead to an easier penetration of the droplet inside the pores. Consequently, we can 

assume that both viscosity and surface tension must be taken in consideration as 

well to define the regime distribution. The splash region is mainly influenced by 

a higher impact velocity and a lower viscosity.  

Finally, considering again the fact that penetration and partial imbibition are 

caused by different physical processes, we can conclude that an attempt to 

describe the transition between the deposition and partial imbibition and 

deposition penetration, using the same physical parameter does not lead to a 

satisfactory result. Therefore, it was chosen to represent the data introducing 

different dimensionless numbers.   

For dimensionless times lower than 𝑡𝑝
∗ , drop penetration may occur. The regime 

map in Fig. 89 shows the separation between deposition and penetration.  
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Fig. 89 Regime distribution for all the liquids (d ranging between 1.5 and 3mm)  as a 

function of 𝜸 and M, transition between deposition and penetration. 

 

The Weber number alone was not sufficient to obtain a satisfactory description of 

outcome distribution. Therefore, the Weber was coupled with the Reynolds number, 

to capture the viscosity effects. The best choice of the parameter on y-axis was 

evaluated by: 

     𝑀 = 𝑅𝑒0.8𝑊𝑒2.1    4.19 

 

The transition with the penetration regime begins at M>20 for γ<2.5 and at M>25 

for γ> 2.5  until penetration becomes the only dominant outcome for M>35. The 

two curves delimiting the deposition-transition-penetration regimes are given by 

interpolating the points on the lower value of penetration outcome for each value 

of 𝛄 and the higher value of deposition outcome for each value of 𝛄.  We can observe that 

for lower value of γ the penetration is more likely to occurs for lower values of M. This is 

because at lower value of γ corresponds a larger pore diameter which will influence the 

penetration threshold.  

The best couple of exponentials characterising the number M, were defined using a 

MATLAB code which maximises the average distance of each point from the points 

of the other regime and minimises the average distance of each point respect to the 

points of the same regime.  
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The code attempts to maximize the average distance between points belonging to 

different regimes while minimising the average distance between points in the same 

regime. Four matrices of distance were constructed, listing the distance of each data 

point in a particular domain from all the other points belonging to the same domain, 

and from all points of the other domain. From the matrices it was possible to 

determine average distance vectors. If a given data point was on average closer to 

points belonging to the other domain than those of the same domain, it was 

classified as an error, and the best exponential values were those that led to the 

smallest number of errors. Finally, the code analysed the distance between the 

orthocentres of the two domains to select exponentials that maximised the distance 

between the orthocentres and consequently led to better separation between the 

domains. 

For 𝑡∗ > 0.5, we can observe the spreading of the droplet on the surface and 

consequently the complete penetration does not occur. Viscosity plays a major role 

to describe the deposition/partial-imbibition transition for which reason the 

parameter on the y axis is exclusively given by the Reynolds number in Fig. 90. In 

fact, in contrast with the findings of Lorenceau et al. [73], in our case the geometry 

of the mesh is the dominant factor compared to the Weber number when defining 

the different regimes area. Increasing the viscosity and for lower Reynolds number, 

the dominant outcome is deposition. The transition between deposition and partial 

imbibition will be mainly influenced by a higher velocity or a lower viscosity 

(higher Reynolds number) and 𝛄 will have a less relevant role. Higher values of Re 

(Re>10000) lead to a splash outcome. 



 

105 
 

 

Fig. 90 Regime distribution for all the liquids (d ranging between 1.5 and 3mm)  as a 

function of 𝛾 and Re with the transition between deposition and imbibition 

 

The two curves delimiting the deposition-transition-penetration regimes are given 

by interpolating the points on the lower values of partial imbibition outcome for 

each value of 𝛄 and the higher values of deposition outcome for each value of 𝛄.   
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4.1.5 Attached mesh results 

 

Our results show that, in contradiction to the findings of Roisman et al. [35], the 

two most important parameters to describe the impact of droplets on a porous 

material may not be the Weber number and a ratio given by considering the 

geometrical roughness. The present results show a good agreement with those of 

Sahu et al. [69]. In fact, our results show that penetration will be mainly enhanced 

by larger value of dynamic pressure respect to the capillary pressure, 𝑝𝑑 ≫ 𝑝𝑐 , but 

it will be influenced also by the hydrodynamic focusing where the dimension of the 

droplet diameter is much larger than the pore diameter, 𝑑 ≫ 𝐷𝑝. 

In analysing the spreading evolution of the droplets after the impact, it was found 

that the roughness factor r introduced by Sivakumar et al. [101] also well described 

the spreading on the porous metallic mesh, considering the wire diameter as a 

measure of roughness. However in contrast with the results shown by Sivakumar et 

al. [101] for a rough surface, in the case of porous membranes, increasing the value 

of r, it was observed that at higher Weber number values, the maximum spreading 

diameter will not increase. This is due to the fact that the percentage of liquid 

penetration below the surface will be enhanced by the inertial forces. 

Our results are no completely in agreement with the research of Lorenceau et al. 

[73], describing the threshold between the capture of the droplet above the surface, 

and its partial ejection below the surface. The study of Lorenceau et al. [73],  is 

focused on the penetration of a droplet on a plate with a single hole which will have 

a different influence on the phenomena respect to a mesh with multiple pores. The 

research of Ryu et al. [78] partially agrees with our results since it describes the 

threshold between deposition and partial imbibition in the case of water. However, 

considering a wider range of liquids properties and outcome which also include the 

complete penetration of the droplet into the pores and a splash, to obtain a more 

defined transition between the regimes at different time scale, two different regimes 

map were proposed. The initial phase, t<0.5, defines the separation between 

deposition and the complete penetration of the droplet inside the surface. For t>0.5, 

a second regime map is proposed, defining the transition between deposition and 

partial imbibition. In both cases it was observed that a higher impact velocity leads 

also to a splash outcome and that it is necessary to define a geometrical parameter 
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which considers both the mesh pore size and mesh wire diameter to have a clearer 

regime distribution.  The results are summarised in  Table 21.  
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Table 21 

Attached meshes, results summary. 

 

Work Research topic Main findings Comparison with our work  

Roisman et 

al. [35] 

Analysis of different 

regimes of splash 

threshold focusing on 

substrate roughness and 

randomly porous 

surfaces. 

The impact of droplets on a porous 

material can be described by  Weber 

number and a ratio given by 

considering the geometrical 

roughness. In the case of porous 

substrates, drops deposition without 

splash is more probable because of the 

penetration of the drops inside the 

substrate. 

Given the dimensionless numbers M and γ, our results show that, in 

contradiction to the findings of Roisman et al. [35], the two most 

important parameters to describe the impact of droplets on a porous 

material may not be just the Weber number and a ratio given by 

considering the geometrical roughness. 

 

Sahu et al. 

[69] 

Impact of nanoparticle 

suspension into porous 

filter membranes 

focusing on penetration 

given by the 

hydrodynamic effect. 

The penetration of the droplet into the 

pore is enhanced if the dynamic 

pressure is higher than the capillary 

pressure, but also when hydrodynamic 

focusing is observed. 

In Agreement with Sahu et al. [69]our results show that penetration will 

be mainly enhanced by larger value of dynamic pressure respect to the 

capillary pressure, 𝑝𝑑 ≫ 𝑝𝑐 , but it will be influenced also by the 

hydrodynamic focusing where the dimension of the droplet diameter is 

much larger than the pore diameter,  𝑑 ≫ 𝐷𝑝. 

 

Sivakumar 

et al. [101] 

Water droplet impact and 

spreading on stainless 

steel structured surfaces. 

An increase of the value of d (height of 

square pillar), and consequently of the 

roughness factor r, leads to a smaller 

spreading diameter. 

The work of Sivakumar et al. [101], well described also the spreading 

on the metallic porous mesh, considering the wire diameter as a 

measure of roughness. However in contrast with the results shown by 

Sivakumar et al. [101] for a rough surface, in the case of porous 

membranes, increasing the value of r, it was observed that at higher 

Weber number, the maximum spreading diameter will not necessarily 

increase. 
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Lorenceau 

et al. [73] 

Impact of droplet against 

thin plates pierced with 

small holes. 

Definition of a velocity threshold 

curve for which penetration of the 

liquids occurs. 

Our results find a good agreement with the research of Lorenceau et al. 

[73]describing the threshold between the capture of the droplet above 

the surface, and its partial ejection below the surface However, 

considering a wider range of outcome which also include the complete 

penetration of the droplet into the pores and a splash, to obtain a more 

defined transition between the regimes at different time scale, two 

different regimes map were proposed. 

Ryu et al. 

[78] 

Water droplet impact on 

meshes with 

submillimetre pores, 

focusing on different 

surface wettability.  

Definition of a velocity threshold for 

which penetration of the liquids 

occurs. (balance between capillary 

pressure and dynamic pressure) 

Our results find a good agreement with the research of  Ryu et al. [78] 

describing the threshold between deposition and partial imbibition in 

the case of water. However, considering a wider range of liquids 

properties , to obtain a more defined transition between the regimes at 

different time scale, two different regimes map were proposed. 
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4.2 Suspended meshes 

 

4.2.1 Regime Definition  

 

The second configuration of the suspended meshes, leads to similar outcomes 

compared to the ones of the attached meshes. The outcomes are shown in Fig. 91. 

In the sequence in Fig. 91 (a) it is possible to observe the impact of a droplet of a 

solution of glycerol and water, on a surface with pore size of 25 μm at an impact 

velocity of 1.8 m/s. Due to the high viscosity of the liquid, the small dimension of 

the pores and the low impact velocity, no penetration of the liquid occurs and the 

outcome is defined by the deposition. On the opposite in Fig. 91 (b-c), the sequences 

show a partial imbibition outcome. In both cases the impact is given by a droplet of 

water on a surface with porosity of 50 μm. Whereas in figure Fig. 91 (b), due to the 

lower velocity of 1.8 m/s, the liquid which penetrates below the surface separates 

from an initial liquid jet bringing to the formation of 2 droplets, in Fig. 91 (c), due 

to the higher velocity of 3.6 m/s, no liquid jet is observed and the liquid which 

penetrates below the surface forms a spray-cone composed by a high number of 

very small size droplets. A similar situation is observable in Fig. 91 (d-e). The 

sequences show the impact of a droplet of water on a surface of 400 μm porosity. 

In Fig. 91 (d) due to the lower velocity of 1.8 m/s, the outcome is given by a partial 

imbibition, in fact part of the liquid remains above the surface after the impact 

whereas in Fig. 91 (e) the outcome is given by a penetration, due to the higher 

velocity of 3.6 m/s. 

The penetration of the liquid after the impact is influenced by the impact velocity, 

as it is shown in Fig. 91 b-c or Fig. 91 d-e, in which, for the same pore size, a higher 

velocity leads to a different effect in terms of liquid penetration. In both cases, 

increasing the pore size or the impact velocity will result in a major number of 

daughter droplets generated below the surface. Pore size plays an important role as 

well, in fact comparing Fig. 91 (b) with Fig. 91 (d), it is possible to observe that, 

given the same impact velocity but increasing the pore size, a different effect is 

achieved and the percentage of liquid penetration will increase with the pore 

diameter. 
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Fig. 91 (a) Deposition Outcome; Water & Glycerol, 𝑣𝑖= 1.8 m/s, d= 2.8 mm, 𝐷𝑝= 25µm, 

𝐷𝑤= 25µm (b) Partial Imbibition Outcome. Water, 𝑣𝑖= 1.8 m/s, , d= 2.8 mm, 𝐷𝑝= 50µm, 

𝐷𝑤= 60µm (c) Partial Imbibition Outcome; Water, 𝑣𝑖= 3.6 m/s,  d= 3.0 mm, 𝐷𝑝= 50µm, 

𝐷𝑤= 60µm (d) Partial Imbibition Outcome; Water, 𝑣𝑖= 1.8 m/s , d= 2.9 mm, 𝐷𝑝= 400µm, 

𝐷𝑤= 220 µm (e) Penetration Outcome; Water, 𝑣𝑖=3.6 m/s, , d= 2.9 mm, 𝐷𝑝= 400µm, 

𝐷𝑤= 220 µm 

 

4.2.2 Percentage of liquid penetration  

 

An estimation of the liquid penetration is given, computing the volume of the single 

droplets ejected from the surface after the impact (case of Fig. 91 b) or subtracting 

the volume of the remaining cap above the mesh from the initial volume (case of  

Fig. 91 a-c-d). The initial volume of the droplet is calculated from the droplet radius, 

assuming that the droplet has a perfectly spherical shape. 
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The general trend of liquid penetration for the three liquids with the associated error 

bar, as a function of pore size, liquid properties and impact velocity it is shown in 

Fig. 92, Fig. 93 & Fig. 94. For all the liquids it is shown that increasing the pore size 

will increase the percentage of liquid penetration. At the same time, given the same 

pore size but increasing the impact velocity, the percentage of liquid penetration 

will be higher. 

 

 

Fig. 92 Percentage of liquid penetration of water as a function of pore size given different 

range of impact velocity  
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Fig. 93 Percentage of liquid penetration of acetone as a function of pore size given 

different range of impact velocity  

 

Fig. 94 Percentage of liquid penetration of W&G as a function of pore size given 

different range of impact velocity  

 

Table 22, Table 23 and Table 24 show the average percentage of liquid penetration 

and standard deviation respectively for water, acetone and water and glycerol at 

different impact velocities. Each measurement is taken for 5 different cases.  
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Table 22 Percentage liquid penetration water 

Pore size  

(𝜇𝑚) 

𝑣𝑖 = 2𝑚/𝑠  𝑣𝑖 = 3𝑚/𝑠 (%) 𝑣𝑖 = 4𝑚/𝑠 (%) 

% σ % σ % σ 

25.0 6.4 1.1 14.1 2.7 42.4 4.2 

50.0 9.7 1.4 26.0 3.7 78.4 6.2 

100.0 52.5 4.7 71.4 5.1 86.1 2.7 

150.0 59.6 3.5 91.4 2.8 93.0 2.9 

200.0 77.4 4.2 94.9 1.9 99.0 1.0 

250.0 80.5 5.3 95.8 3.0 100.0 0.0 

400.0 96.2 0.8 100.0 0.0 100.0 0.0 

 

Table 23 Percentage liquid penetration acetone 

Pore size  

(𝜇𝑚) 

𝑣𝑖 = 2𝑚/𝑠  𝑣𝑖 = 3𝑚/𝑠 (%) 𝑣𝑖 = 4𝑚/𝑠 (%) 

% σ % σ % σ 

25.0 0.0 0.0 18.6 2.1 56.9 6.9 

50.0 21.0 3.0 72.8 6.5 81.2 5.9 

100.0 85.6 8.4 88.1 3.4 98.4 1.8 

150.0 92.8 6.0 100.0 0.0 100.0 0.0 

200.0 100.0 0.0 100.0 0.0 100.0 0.0 

250.0 100.0 0.0 100.0 0.0 100.0 0.0 

400.0 100.0 0.0 100.0 0.0 100.0 0.0 

 

Table 24 Percentage liquid penetration W&G 

Pore size  

(𝜇𝑚) 

𝑣𝑖 = 2𝑚/𝑠  𝑣𝑖 = 3𝑚/𝑠 (%) 𝑣𝑖 = 4𝑚/𝑠 (%) 

% σ % σ % σ 

25.0 0.0 0.0 4.7 0.7 4.7 1.9 

50.0 2.9 2.8 5.7 1.0 5.7 1.7 

100.0 5.6 1.1 75.3 12.1 75.3 4.3 

150.0 34.6 4.0 89.7 3.5 89.7 2.6 

200.0 57.6 7.1 94.4 1.6 94.4 2.3 

250.0 71.8 6.4 96.3 1.2 96.3 0.0 

400.0 89.9 2.1 100.0 0.0 100.0 0.0 
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To verify if the vertical movement of the mesh due to the impact can have an 

influence on the percentage of penetration or the outcome, some of the experiments 

were repeated using a 21-gauge needle with water, acetone and W&G on surfaces 

with pore sizes of 25, 200 and 400 µm. To suspend a portion of the mesh two 

different ring size were used, respectively with a diameter dimension of 15 mm and 

25 mm to verify if the amplitude of the oscillation can influence the outcome. 

No significant difference was observed in terms of outcome and percentage 

penetration for any of the considered liquid (Table 25, Table 26 & Table 27). It is 

possible to conclude that the movement of the mesh has no relevant effect on the 

nature of the outcome. 

 

Table 25 Percentage of liquid penetration Water for different ring size 

Pore size 

(𝜇𝑚) 

Impact velocity 

(m/s) 

% Liquid 

penetration ring 

size (1.5cm) 

% Liquid 

penetration ring 

size (2 cm) 

% Liquid 

penetration ring 

size (2.5cm) 

25 2 7 10 7 

25 3 13 11 14 

25 4 46 42 43 

200 2 79 76 77 

200 3 90 88 95 

200 4 100 98 99 

400 2 96 94 96 

400 3 100 100 100 

400 4 100 100 100 

 

  



 

116 
 

Table 26 Percentage of liquid penetration Acetone different ring size 

Pore size 

(𝜇𝑚) 

Impact velocity 

(m/s) 

% Liquid 

penetration ring 

size (1.5cm) 

% Liquid 

penetration ring 

size (2 cm) 

% Liquid 

penetration ring 

size (2.5cm) 

25 2 0 0 0 

25 3 21.13 18.6 19.4 

25 4 51.2 56.9 54.3 

200 2 100 100 100 

200 3 100 100 100 

200 4 100 100 100 

400 2 100 100 100 

400 3 100 100 100 

400 4 100 100 100 

 

 

Table 27 Percentage of liquid penetration W&G for different ring size 

Pore size 

(𝜇𝑚) 

Impact velocity 

(m/s) 

% Liquid 

penetration ring 

size (1.5cm) 

% Liquid 

penetration ring 

size (2 cm) 

% Liquid 

penetration ring 

size (2.5cm) 

25 2 0 0 0 

25 3 0 4.7 0 

25 4 0 10 0 

200 2 58.41 57.6 59.95 

200 3 91.2 94.4 87.27 

200 4 95.4 97.1 97.6 

400 2 86.4 89.9 83.27 

400 3 100 100 100 

400 4 100 100 100 

 

 

Fig. 95, Fig. 96 & Fig. 97 show the trend of liquid penetration for the three liquids 

at the same impact velocity. 

In Fig. 95 which corresponds to an impact velocity of 2 m/s, it is shown that given 

the same pore size and velocity, increasing the viscosity, the liquid penetration will 
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be lower. At the same time, for a lower surface tension, as for the case of acetone, 

given the same pore size and velocity, the percentage of penetration will be higher. 

 

Fig. 95 Percentage of liquid penetration of water, acetone, water & glycerol at 2 m/s as a 

function of pore size. 

 

The effect of liquid properties becomes less critical with increasing impact velocity. 

In fact, observing Fig. 96 and Fig. 97 which corresponds respectively to a impact 

velocity of 3 m/s and 4 m/s, the difference in percentage of liquid penetration of 

water, acetone and W&G is lower.  
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Fig. 96 Percentage of liquid penetration of water, acetone, water & glycerol at 3 m/s as a 

function of pore size. 

 

 

Fig. 97 Percentage of liquid penetration of water, acetone, water & glycerol at 4 m/s as a 

function of pore size. 
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Fig. 98 shows the trend of liquid penetration for a droplet of water, at the same 

impact velocity but with a different initial diameter. According to the study of Xu 

et al.[77],  who analysed water droplet impact on meshes with different pores sizes, 

it is possible to define a number N given by the ratio of the shadow area of the 

droplet over the single pore area.  

 

𝑁 =
𝐴𝑠

𝐴𝑢
=

𝜋𝐷2

4
⋅

1

(𝐷𝑝+𝐷𝑤)
2          4.20  

         

 

Increasing the value of N, the value of the impact velocity, necessary to eject part 

of the droplet below the surface, will be lower. In our experiments, it is shown that, 

given the same impact velocity, the percentage of liquid penetration of a droplet 

with a mean diameter equal to 3 mm will be higher than the one for a droplet of 2.1 

mm, which means that for a smaller droplet of water, the impact velocity necessary 

to get the same liquid through the pore must be higher. However, increasing the 

size of the pore, in the specific for a pore diameter larger than 100 µm, the 

percentage of liquid penetration at lower velocity will be higher in the case of 

droplets of water with a smaller diameter (Fig. 98).  

 



 

120 
 

Fig. 98  𝑣𝑖 =
2𝑚

𝑠
 Percentage of liquid penetration of droplet of water with a different 

initial diameter. 

 

Increasing the impact velocity, the difference in percentage of liquid penetration for 

droplet with larger or smaller diameter, will be lower (Fig. 99).  

 

Fig. 99 𝑣𝑖 =
4𝑚

𝑠
 Percentage of liquid penetration of droplet of water with a different 

initial diameter. 

 

Xu et al. [77] pointed out that, for a wide range of pore dimension, it is not 

appropriate to refer to a constant coefficient to predict the impact velocity for which 

penetration will occur. The assumption it is possible just considering a single mesh 

geometry and without varying liquid properties. In fact, our research shows that 

varying liquid properties, for example in the case of water and W&G, given the 

same droplet initial diameter and mesh geometry, penetration will occur at a 

different impact velocity. Consequently, the coefficient N is not accurate enough to 

estimate the velocity for which penetration will occur.   

Comparing again our results in the case of suspended meshes to the study of 

Lorenceau et al. [73], it is possible to observe that, the threshold velocity for which 
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the droplet is partially ejected through the pores, captures the deposition regime in 

a better way with respect to the case of the attached mesh. In our case, working in 

a velocity range between 2-4 m/s, which is higher than the range in which 

Lorenceau et al. [73] operated,  the deposition will be mainly influenced by the high 

viscosity of the liquid.  

 

Fig. 100 Threshold velocity for capture: comparison with our results (suspended meshes) 

[73] 
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4.2.3 Conclusions 
 

For the case of a suspended mesh, 3 regimes were defined which are deposition, 

partial imbibition and penetration. The splash outcome is not observable, due to the 

fastest penetration of the liquid below the meshes right after the impact. This is in 

agreement with Roisman et al.[35] who pointed out that the upper deposition limit 

for the splash is influenced by porosity, because of the penetration of the drops 

inside the substrate. 

The result presents a good agreement with Lorenceau et al.[73], in fact, given the 

same pore dimension but increasing the velocity a transition occurs between an 

outcome for which the liquid is captured by the surface or partially penetrate inside 

the pore. However even in this case, the comparison cannot be perfect as the 

experiments of Lorenceau et al.[73], are based on the impact of droplets on a 

suspended plate with a single hole which will have a difference influence on the 

phenomena respect to the mesh with multiple pores.  

Considering the work of Brunet et al. [79] also in our case, it is possible to find a 

correlation between the dimension and number of the daughter droplets eject below 

the meshes respect to the dimension of the pore and the value of the impact velocity. 

A higher impact velocity will lead to the formation of a higher number of droplets 

after the impact. 

As Xu et al. [77] pointed out already, it is not possible to define a dimensionless 

number N, to determine the impact velocity for which the liquid penetration below 

the mesh will occur. In fact, using a wide range of pore size and, in our case, 

different liquid properties, the value of the critical impact velocity for which 

penetration will occur, will not be influenced only from the initial diameter of the 

droplet and mesh geometry. The results are summarised in  Table 28  
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Table 28 

Suspended meshes, results summary. 

 

Work Research topic Main findings Comparison with our work  

Roisman 

et al. [35] 

Analysis of different regimes 

of splash threshold focusing 

on substrate roughness and 

randomly porous surfaces. 

The impact of droplets on a porous 

material can be described by  Weber 

number and a ratio given by 

considering the geometrical 

roughness. In the case of porous 

substrates, drops deposition without 

splash is more probable because of the 

penetration of the drops inside the 

substrate. 

For the case of a suspended mesh, 3 regimes were defined which are 

deposition, partial imbibition and penetration. The splash outcome is 

not observable, due to the fastest penetration of the liquid below the 

meshes right after the impact. This is in agreement with Roisman et 

al.[35] who pointed out that the upper deposition limit for the splash  

is influenced by porosity, because of the penetration of the drops 

inside the substrate. 

 

Lorenceau 

et al.[73] 

 Impact of droplet against 

thin plates pierced with small 

holes. 

Definition of a velocity threshold for 

which penetration of the liquids 

occurs. 

In agreement with Lorenceau et al [73], our results show that given 

the same pore dimension but increasing the velocity a transition 

occurs between an outcome for which the liquid is captured by the 

surface or partially penetrate inside the pore.  

 

Brunet et 

al. [79]   

Water droplet impact on 

hydrophobic microgrid with 

trapezoidal pores.  

Above a threshold speed, liquid 

emerges on the other side of the grid 

forming microdroplets and proposed a 

model to produce monodisperse 

spray.  

The general trend shows an increase 

of droplets number at larger We. 

Considering the work of Brunet et al. [77] also in our case, it is 

possible to find a correlation between the dimension and number of 

the daughter droplets ejected below the meshes respect to the 

dimension of the pore and the value of the impact velocity. A higher 

impact velocity will lead to the formation of a higher number of 

droplets after the impact. 

Xu et al. 

[77] 

Impact of droplet on mesh  

membrane which are a 

Their analysis shows that the liquid 

penetration is related to the number of 

As Xu et al. [75] pointed out already, it is not possible to define a 

dimensionless number N, to determine the impact velocity for which 

the liquid penetration below the mesh will occur. In fact, using a wide 
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functional material for gas-

water or oil-water separation. 

mesh pores within drop project area, 

N.  

A higher value of N will lead to a 

smaller critical velocity for which the 

penetration occurs. 

range of pore size and, in our case, different liquid properties, the 

value of the critical impact velocity for which penetration will occur, 

will not be influenced only from the initial diameter of the droplet 

and mesh geometry. 
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5 Conclusion 

 

This study focused on the investigation of droplet impact on metallic meshes with 

a wide range of pore sizes. Two main configurations were chosen to analyse 

separately the effect of porosity and point out the impregnation properties of the 

mesh and how it is influenced by liquid properties. 

The experiments were performed with three different liquids to investigate the 

effect of the fluids’ physical properties: water, acetone and a solution of water and 

glycerol. The mesh pore dimension and wire diameter have a range of respectively 

25-400 µm and 25-220 µm. To obtain a range of impact velocity between 2 m/s 

and 4 m/s, the height of release was varied between 20 cm and 80 cm. The droplet 

was released from the needle exclusively thanks to gravity force. Two different 

needle sizes, 21 gauge, (0.82 mm OD, 0.51 mm ID) and 26s gauge (0.47 mm OD, 

0.13 mm ID) were used to vary the drop diameter in a range of 1.5-3.0 mm.  

 

5.1 Attached meshes: main findings 
 

In the first part of the experiments, the meshes were carefully attached on a 

stainless-steel surface, to reduce the movement of the mesh. In this way it was 

possible to isolate the effect of porosity without needing to account for the influence 

of elasticity and surface displacement. 

By observing the result of the experiments, 6 different outcomes were defined.  

For low velocity impacts, these outcomes are: deposition, partial imbibition and 

mesh penetration. 

For high velocity impacts, the same outcomes were observed, but with possible 

transition to a splash regime, which is still characterised by a final deposition, a 

partial imbibition and a penetration. 

In the case of the deposition, the droplet, after the impact, remains completely above 

the surface after the spreading and the recoiling. For the partial imbibition, part of 

the liquid penetrates below the surface during the recoiling.   

On the other side the penetration is an instantaneous process and no spreading is 

detected because all the liquid penetrates under the surface right after the impact.  
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As mentioned earlier, in the case of full penetration, no spreading occurs, 

consequently a dimensionless time was defined to separate the events that occur in 

the initial phase from the events which occur after. 

In the case of complete penetration, considering the instant the droplet touches the 

surface, the time required for the first half of the spherical droplet to penetrate inside 

the surface will be given by 

𝑡𝑝 =
𝑑

2𝑣𝑖
           

This time leads to dimensionless value equal to  

 

𝑡𝑝
∗ =

𝑡𝑝𝑣𝑖

𝑑
=

1

2
= 0.5   

 

The initial phase, t*<0.5, defines the separation between deposition and the 

complete penetration of the droplet inside the surface. For t*>0.5, a second regime 

map is proposed, defining the transition between deposition and partial imbibition. 

The attempt to represent the different outcome regimes without a geometrical 

parameter referring to mesh wire diameter was not satisfactory to obtain a proper 

identification of regimes. In addition, to distinctly discriminate between the 

deposition and penetration impact regimes, it is essential to refer to a dimensionless 

number that accounts for the liquid’s physical properties, specifically, the viscosity 

and the surface tension. To achieve this, we have introduced two new dimensionless 

parameters, 𝑴 and 𝛾, which provides some prediction of impact outcomes for our 

range of experimental conditions. 𝑴 and 𝛾, are respectively defined as  

𝑀 = 𝑅𝑒0.8𝑊𝑒2.1   

𝛾 = (1 +
𝐷𝑤

𝐷𝑝
)

2

  

where Re and We are respectively the Reynolds and Weber numbers and 𝐷𝑤  and 

𝐷𝑝 the wire and pore diameter. 

Given these dimensionless numbers, our results show that, in contradiction to the 

findings of Roisman et al. [35], the two most important parameters to describe the 

impact of droplets on a porous material may not be just the Weber number and a 

ratio given by considering the geometrical roughness. This difference could be 

explained by the fact that the surfaces used by Roisman et al. [35] present an 

irregular porosity that could affect the final outcome. 
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Our results show a good agreement with Sahu et al.[69] who pointed out that the 

penetration of the liquid into the pores will occur if the dynamics pressure is higher 

than the capillary pressure (𝑝𝑑 ≫ 𝑝𝑐), but also in the case of hydrodynamics 

phenomena for which the penetration of the droplet into the pores is enhanced if the 

diameter of the droplet is larger than the pore diameter (𝑑 ≫ 𝐷𝑝). Considering the 

dimension of the droplets, much bigger than the pores as for the case of our 

experiments and observing the penetration outcome we can conclude that the 

hydrodynamics phenomena plays a major role.   

It was found that the roughness factor r introduced by Sivakumar et al. [101], well 

described also the spreading on the metallic porous mesh, considering the wire 

diameter as a measure of roughness. 

The deposition-penetration threshold defined by Lorenceau et al. [73], cannot 

perfectly describe the separation of our regimes because the set up presented by 

them is different from the one used in our experiments. Having a plate with a single 

hole will affect in a different way the outcome of the experiments.  

 

Summarising the results, it is possible to point out the following findings:  

• The effect of porosity on droplet impact was analysed, considering a wide 

range of pore size and wire diameter.  

o Pore dimension: given the same impact velocity and liquid 

properties, a larger pore size will enhance liquid penetration.  

o Impact velocity: given the same pore dimension and liquid 

properties, a higher impact velocity will enhance liquid penetration. 

o Higher viscosity: given the same pore dimension and impact 

velocity, a higher viscosity will enhance the deposition outcome. 

o Lower surface tension: given the same pore dimension and impact 

velocity, a lower surface tension will lead to a higher penetration.  

• The spreading analysis leads to an estimation of the percentage of liquid 

which penetrates below the mesh. It was pointed out that porosity will 

affect the spreading and the maximum spreading diameter will be lower for 

larger pore size, due to a larger percentage of liquid penetration. 

• Two different maps were defined to separate the different regimes (Fig. 101 

-Fig. 102). 
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o A characteristic time 𝑡𝑝
∗  was defined for which penetration occurs. 

Due to the different time scale it is necessary to analyse separately 

the regimes transition. 

 

 
Fig. 101  Regime distribution for all the liquids as a function of 𝛾 and M, transition between 

deposition and penetration. 
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Fig. 102  Regime distribution for all the liquids as a function of 𝜸 and Re with the transition 

between deposition and imbibition 

 

5.2 Suspended meshes: main findings 
 

In the second configuration, a portion of the mesh was suspended using initially a 

ring with a 20 mm inner diameter to quantify better the impregnation properties of 

the surface and remark how it is influenced by mesh geometry, liquid properties 

and impact velocity. It was observed that at higher impact velocities a small vertical 

movement of the mesh occurred after the impact of the droplet. To verify if the 

amplitude of the oscillation can influence the outcome, some of the experiments 

were repeated using 2 more rings with diameters of 15 mm and 25 mm, which 

offered smaller and larger unclamped area for the suspended mesh compared to the 

original case. It was observed that there is no significant difference in terms of 

outcome and percentage penetration for any of the considered liquid. It is possible 

to conclude that the movement of the mesh has no relevant effect on the nature of 

the outcome. 

No splash outcome was observed in the case of the suspended meshes. This is due 

to the fact that at higher impact velocities, which normally leads to splash, a higher 

percentage of liquid penetrates below the surface. This is in agreement with 
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Roisman et al. [35] who pointed out that the upper deposition limit for the splash 

is influenced by porosity, because of the penetration of the drops inside the 

substrate. 

It was confirmed that the liquid properties and the geometry of the meshes play a 

role in the definition of the outcome. The results are partially in agreement with 

Lorenceau et al. [73], in fact, given the same pore dimension but increasing the 

velocity it is possible to observe a transition between an outcome for which the 

liquid is captured by the surface or partially penetrate inside the pore. However, the 

threshold velocity limit described by them cannot perfectly separates our results 

due to the different set up they used characterised by a plate with a single hole.  As 

for the research of Xu et al. [77], it was shown that a number N, given by a ratio of 

the projected area of a droplet before the impact and the single pore area, does not 

always leads to a satisfactory estimation of the critical impact velocity for which 

penetration occurs. In fact, considering for example different liquid properties, it 

was shown that in the case of water and water and glycerol, given the same mesh 

geometrical dimension and droplet initial diameter, consequently the same N, 

because of the higher viscosity, penetration will occur for a higher impact velocity.  

Summarising the results, it is possible to point out the following findings: 

• The impregnation properties of the mesh were estimated. 

o Impact velocity: given the same pore dimension and liquid 

properties, a higher impact velocity will lead to a higher percentage 

of liquid penetration (Fig. 103) 

o Higher viscosity: given the same pore dimension and impact 

velocity, a higher viscosity will lead to a lower percentage of liquid 

penetration, enhancing the deposition outcome (Fig. 104) 

o Lower surface tension: given the same pore dimension and impact 

velocity, a lower surface tension will lead to a higher penetration 

enhancing the penetration outcome (Fig. 1058) 

• A portion of the mesh was suspended using different ring sizes. It was 

shown that the vertical movement of the mesh doesn’t affect critically the 

outcome and the liquid penetration. 
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Fig. 97 Percentage of liquid penetration of water as a function of pore size given different 

range of impact velocity 

 

 

 

Fig. 98 Percentage of liquid penetration of water, acetone, water & glycerol at 2 m/s as a 

function of pore size. 
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It was shown that the impregnation properties of the mesh, which also gives 

an estimation of the percentage of liquid that is maintained above the 

surface without ejection, can vary under specific condition of mesh 

geometry or physical parameter. The experiments show that the complete 

deposition of the liquid above the surface is more probable for smaller pores 

size, higher viscosity, lower impact velocity and smaller initial droplet 

diameter.  

5.3 Future works 
 

Considering the medical field, the literature shows that several studies were 

done in the tissue engineering field analysing tissue ingrown process on 

meshes and scaffolds with different geometrical and physical properties. A 

better understanding of which is the combination in terms of best pore 

dimension and liquid physical properties to enhance cells and tissue 

proliferation, has a critical importance for the development of tissue 

engineering technology to repairing damaged dermis. Moreover, 

considering a medical application, to analyse the interaction between a 

spray with a skin, a deeper study should be done considering droplets with 

a diameter of an order of magnitude more similar to pores dimension. A 

different kind of outcomes could be expected in this case. It is also advice 

to perform a numerical study of droplet impact on metallic mesh, in 

particular in the case of the suspended mesh. A numerical study would 

allow to have a better understanding of the percentage of liquid penetration 

in time and the influence that the vertical movement of the mesh may have 

on the impact outcome. In the case of the attached meshes, a numerical 

study could allow a better understanding of the air entrainment effect.  
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Appendix 
 

The code operates defining two different domains, one for deposition, one for 

penetration with a certain number of elements. 4 matrices of distance are defined, 

considering the distance of each element from all the other elements of the same 

domain, and each element from all the other elements of the different domain. From 

the matrices it is possible to determine the vector of average distance of each 

element respect to all the other elements of the same domain and all the other 

elements of the different domain. If a given element is in average closer to elements 

of the different domain respect to the elements of the same domain, it is evaluated 

as an error, as it should belong to the other domain. The best group of exponential 

values is the one that leads to a smaller number of errors (points that should belong 

to the other domain). 

Finally, the code analyses the distance between the orthocentre of the 2 domains to 

select the couple of exponentials that will maximise the distance between the 

orthocentres and consequently will lead to a better separation between the 2 

domains. 

 

1) Definition of 2 domains for Deposition d and Penetration p with k and m 

elements respectively.  

𝑑(𝑘, 2) = (𝑥𝑗 , 𝑦𝑗)
𝑑

 

𝑝(𝑚, 2) = (𝑥𝑗 , 𝑦𝑗)
𝑝
 

 

2) Definition of 4 matrix of distance. 

Matrix 1→ Distance of each element of domain d, respect to all the other elements 

of domain d 

 

𝐷1
𝑑→𝑑[𝑘 х 𝑘] = 𝑑𝑗,𝑛

𝑑→𝑑 = √(𝑥𝑗
𝑑 − 𝑥𝑛

𝑑)
2

+ (𝑦𝑗
𝑑 − 𝑦𝑛

𝑑)
2

 =

[

𝑑11
𝑑→𝑑 = 0    𝑑21

𝑑→𝑑 ⋯  𝑑𝑘1
𝑑→𝑑

𝑑12
𝑑→𝑑 𝑑22

𝑑→𝑑 = 0 ⋮

𝑑1𝑘
𝑑→𝑑 ⋯   𝑑𝑘𝑘

𝑑→𝑑 = 0

]  
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Matrix 2→ Distance of each element of domain d, respect to all the other elements 

of domain p 

 

𝐷2
𝑑→𝑝[𝑘 х 𝑚] = 𝑑𝑗,𝑛

𝑑→𝑝 = √(𝑥𝑗
𝑑 − 𝑥𝑛

𝑝)
2

+ (𝑦𝑗
𝑑 − 𝑦𝑛

𝑝)
2

 =

[

𝑑11
𝑑→𝑝    𝑑21

𝑑→𝑝 ⋯  𝑑𝑘1
𝑑→𝑝

𝑑12
𝑑→𝑝 𝑑22

𝑑→𝑝 ⋮

𝑑1𝑚
𝑑→𝑝 ⋯   𝑑𝑘𝑚

𝑑→𝑝

]  

 

Matrix 3→ Distance of each element of domain p, respect to all the other elements 

of domain p 

𝐷3
𝑝→𝑝[𝑚 х 𝑚] = 𝑑𝑗,𝑛

𝑝→𝑝 = √(𝑥𝑗
𝑝 − 𝑥𝑛

𝑝)
2

+ (𝑦𝑗
𝑝 − 𝑦𝑛

𝑝)
2

 =

[

𝑑11
𝑝→𝑝 = 0    𝑑21

𝑝→𝑝 ⋯  𝑑𝑚1
𝑝→𝑝

𝑑12
𝑝→𝑝 𝑑22

𝑝→𝑝 = 0 ⋮

𝑑1𝑚
𝑝→𝑝 ⋯   𝑑𝑚𝑚

𝑝→𝑝 = 0

]  

 

Matrix 4→ Distance of each element of domain p, respect to all the other elements 

of domain d 

 

𝐷4
𝑝→𝑑[𝑚 х 𝑘] = 𝑑𝑗,𝑛

𝑝→𝑑 = √(𝑥𝑗
𝑝 − 𝑥𝑛

𝑑)
2

+ (𝑦𝑗
𝑝 − 𝑦𝑛

𝑑)
2

 =

[

𝑑11
𝑝→𝑑    𝑑21

𝑝→𝑑 ⋯  𝑑𝑚1
𝑝→𝑑

𝑑12
𝑝→𝑑 𝑑22

𝑝→𝑑 ⋮

𝑑1𝑘
𝑝→𝑑 ⋯   𝑑𝑚𝑘

𝑝→𝑑

]  

 

3) Definition of 4 vectors of mean distance 

Definition of vectors of mean distance of each element of domain d respect to all 

the other elements of domain d 

 

𝐷1
̅̅ ̅𝑑→𝑑

(𝑘) = �̅�𝑗
𝑑→𝑑 =

1

𝑘
 ∑(𝑑𝑗,𝑛

𝑑→𝑑)

= [
1

𝑘
∑(𝑑1,𝑛

𝑑→𝑑)

𝑘

𝑛=1

    
1

𝑘
∑(𝑑2,𝑛

𝑑→𝑑)

𝑘

𝑛=1

  …
1

𝑘
∑(𝑑𝑘,𝑛

𝑑→𝑑)

𝑘

𝑛=1

 ] 
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Definition of vectors of mean distance of each element of domain d respect to all 

the other elements of domain p 

 

𝐷2
̅̅ ̅𝑑→𝑝

(𝑘) = �̅�𝑗
𝑑→𝑝 =

1

𝑘
 ∑(𝑑𝑗,𝑛

𝑑→𝑝)

= [
1

𝑘
∑(𝑑1,𝑛

𝑑→𝑝)

𝑘

𝑛=1

    
1

𝑘
∑(𝑑2,𝑛

𝑑→𝑝)

𝑘

𝑛=1

  …
1

𝑘
∑(𝑑𝑘,𝑛

𝑑→𝑝)

𝑘

𝑛=1

 ] 

 

Definition of vectors of mean distance of each element of domain p respect to all 

the other elements of domain p. 

𝐷3
̅̅ ̅𝑝→𝑝

(𝑚) = �̅�𝑗
𝑝→𝑝 =

1

𝑚
 ∑(𝑑𝑗,𝑛

𝑝→𝑝)

= [
1

𝑚
∑(𝑑1,𝑛

𝑝→𝑝)

𝑚

𝑛=1

    
1

𝑚
∑(𝑑2,𝑛

𝑝→𝑝)

𝑚

𝑛=1

  …
1

𝑚
∑(𝑑𝑚,𝑛

𝑝→𝑝)

𝑚

𝑛=1

 ] 

 

Definition of vectors of mean distance of each element of domain p respect to all 

the other elements of domain d 

 

𝐷4
̅̅ ̅𝑝→𝑑

(𝑚) = �̅�𝑗
𝑝→𝑑 =

1

𝑚
 ∑(𝑑𝑗,𝑛

𝑝→𝑑)

= [
1

𝑚
∑(𝑑1,𝑛

𝑝→𝑑)

𝑚

𝑛=1

    
1

𝑚
∑(𝑑2,𝑛

𝑝→𝑑)

𝑚

𝑛=1

  …
1

𝑚
∑(𝑑𝑚,𝑛

𝑝→𝑑)

𝑚

𝑛=1

 ] 

 

4) Definition of vectors of difference between the mean distance vectors 

 

Definition of vectors of difference between 𝐷1
̅̅ ̅𝑑→𝑑

(𝑘) and 𝐷2
̅̅ ̅𝑑→𝑝

(𝑘) 

𝐷𝑖𝑓𝑑(𝑘) = 𝐷1
̅̅ ̅𝑑→𝑑

(𝑘) − 𝐷2
̅̅ ̅𝑑→𝑝

(𝑘) =
1

𝑘
 ∑(𝑑𝑗,𝑛

𝑑→𝑑) −
1

𝑘
 ∑(𝑑𝑗,𝑛

𝑑→𝑝)

= [
1

𝑘
∑(𝑑1,𝑛

𝑑→𝑑) −

𝑘

𝑛=1

 
1

𝑘
∑(𝑑1,𝑛

𝑑→𝑝) …
1

𝑘
∑(𝑑𝑘,𝑛

𝑑→𝑑)

𝑘

𝑛=1

𝑘

𝑛=1

−
1

𝑘
∑(𝑑𝑘,𝑛

𝑑→𝑝)]

𝑘

𝑛=1

   = [𝑑𝑖𝑓1
𝑑    𝑑𝑖𝑓 2

𝑑  … . 𝑑𝑖𝑓𝑘
𝑑] 
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Definition of vectors of difference between 𝐷3
̅̅ ̅𝑝→𝑝

(𝑚) and 𝐷4
̅̅ ̅𝑝→𝑑

(𝑚) 

𝐷𝑖𝑓𝑝(𝑚) = 𝐷3
̅̅ ̅𝑝→𝑝

(𝑚) − 𝐷4
̅̅ ̅𝑝→𝑑

(𝑚) =
1

𝑚
 ∑(𝑑𝑗,𝑛

𝑝→𝑝) −
1

𝑚
 ∑(𝑑𝑗,𝑛

𝑝→𝑑)

= [
1

𝑚
∑(𝑑1,𝑛

𝑝→𝑝) −

𝑚

𝑛=1

 
1

𝑚
∑(d1,n

d→p
) …

1

m
∑(dm,n

d→d)

m

n=1

𝑚

𝑛=1

−
1

m
∑(dm,n

d→p
)]

m

n=1

   = [dif1
p

   dif 2
p

 … . difk
p

] 

 

5) Definition of the “theoretical” new regimes considering the element s in 

the wrong domain 

If dif d(j) > 0 , the j point in the deposition domain, is in average closer to the points 

of the penetration domain. The j point should belong to the penetration domain.  

If dif p(j) > 0 the j point in the penetration domain, is in average closer to the points 

of the deposition domain. The j point should belong to the deposition domain.  

 

dif d(j) > 0  ⇒ (xj, yj)
d

∈ p 

dif p(j) > 0  ⇒ (xj, yj)
p

∈ d 

 

The best group of exponential values is the one that leads to a smaller number of 

errors (points that should belong to the other domain). 

 

 

6) Maximizing the distance of the orthocentre of the 2 domains. 

 

Defining the orthocentre of the deposition domain.  

 

do(x, y) = d(
1

k
∑(xj)

d
,
1

k
∑(yj)

d
)

k

j=1

k

j=1

 

 

Defining the orthocentre of the penetration domain. 
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po(x, y) = d(
1

m
∑(xj)

p
,

1

m
∑(yj)

p
)

m

j=1

m

j=1

 

 

Defining the distance between the orthocentres of the two domains. 

 

distanceo = √(do(x) − po(x))2 + (do(y) − po(y))2  

 

The best couple of exponential values will maximise the distance between the 

orthocentres and consequently will lead to a better separation between the 2 

domains.  
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Nomenclature  

 

𝑝𝑐 Capillary pressure [Pa] 

σ          Surface tension [N/m] 

ρ           Liquid density [kg/m3] 

µ   Viscosity [Pa s] 

𝐷𝑝  Pore diameter [m] 

𝐷𝑤  Wire diameter [m] 

𝑑           Droplet diameter [m] 

𝑣𝑖  Impact velocity [m/s] 

t  Time [s] 

𝑑(𝑡)∗  
𝑑(𝑡)

𝑑
  dimensionless diameter  

𝑡∗ 
𝑡𝑣𝑖

𝑑(𝑡)
  

 

We  
𝜌𝑣𝑖

2𝑑

𝜎
   Weber number based on drop diameter 

𝑊𝑒𝑝   
𝜌𝑣𝑖

2𝐷𝑝

𝜎
  Weber number 

𝑅𝑒   
𝜌𝑣𝑖𝑑

𝜇
    Reynolds number based on drop diameter 

𝑅𝑒𝑝  
𝜌𝑣𝑖 𝐷𝑝

𝜇
  Reynolds number 

Ca 
𝑊𝑒

𝑅𝑒
  Capillary number 

Oh       
√𝑊𝑒

𝑅𝑒
  Ohnesorge number 

𝛽  
𝐷𝑝

𝑑
 

𝛾 (1 +
𝐷𝑤

𝐷𝑝
) 

M   𝑅𝑒0.8𝑊𝑒2.1 
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