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Abstract

:

Droplet impact may rupture a liquid film on a non-wettable surface. The formation of a stable dry spot has only been studied in the inviscid case. Here, we examine the break-up of viscous films, and demonstrate the importance and role of the viscous dissipation in both film and droplet. A new model was therefore proposed to predict the necessary droplet energy to create a dry spot. It also showed that the dissipation contribution in film dominates when the ratio of the thicknesses to drop diameter is larger than 7/4.
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1. Introduction


Liquid films cover solid surfaces in many natural and industrial processes. Often films are exposed to falling droplets, for example, during raining, cooling, spraying or lubrication processes. To understand the interaction of droplets with films, many studies focus on drop impact outcomes (splashing, droplet deposition or rebound) or film deformations during these processes (see, e.g., [1,2,3,4,5,6,7,8,9]). Despite many works, less attention is paid to drop impact leading to film rupture, and more specifically the conditions at which a stable hole is formed. Understanding this latter point is important as it can affect the above applications, e.g., in lubrication, leading to areas that are not covered by the viscous film.



The rupture of a liquid film on a solid surface has also been considered in different aspects and conditions. For example, it is found that short- and long-range interfacial forces determine dewetting patterns of thin (<60 nm) liquid polymer films [10]. The motion of dry spots in thicker (1.5–4 mm) films of aqueous glycerol solution is described well by a lubrication model [11]. A dry spot may also appear in a dynamic liquid film forming under droplet impact onto a dry solid surface. In this case, the dry spot formation is determined by impact velocities, surface roughness and the size of defects presenting on solid surface [12,13,14]. Besides dry spot dynamics, it has been revealed that a stable dry spot exists in a liquid film, when its diameter is bigger than a critical value [15]. Although the various aspects of film rupture have been considered, the case due to droplet falling remains less studied.



Up to now, film rupture due to droplet falling has been considered for the cases when a dry spot growth is induced by a surface tension inhomogeneity or impact itself. If a droplet has a miscible liquid with a low surface tension, then its falling creates a local reduction of film surface tension. Such reduction is enough to puncture 1–100 μm thick water films spontaneously due to emerging Marangoni flows [16]. The rupture of thicker films has been considered for aqueous films and droplets. In this case, a stable dry spot forms if the impact dynamics leads to the appearance of a critical size crater [17] or hole [18]. As the impact-induced film rupture is observed at high Reynolds numbers (>>1), the fluid viscosity was neglected in the models developed to date.



Thus, the film rupture under drop impact has been studied only for the inviscid case. However, many applications involve fluids with viscosities considerably higher than water. To understand the contribution of fluid viscosity, we experimentally studied the puncture of viscous films due to a falling drop made of the same fluid. Furthermore, we evaluate droplet energy required to form a stable dry spot.




2. Materials and Methods


The film rupture experiments were carried out with aqueous glycerol solutions. We also used the data for distilled water from [17]. The properties of the fluids are presented in Table 1. We choose the specific mass fractions of glycerol to have a suitable range of viscosities. Additionally, the specific fraction of glycerol was selected to be able to identify the threshold of the film rupture (see below).



The test substrate was aluminum (50 mm × 50 mm × 2 mm) covered with a superhydrophobic coating (NeverWet, Rust-Oleum, Vernon Hills, IL, USA). We used the superhydrophobic surface as the film rupture will be the most profoundly observed. The static contact angles of considered fluids on the substrates are given in Table 1.



Our experimental set-up consists of a syringe pump with a test liquid, a Petri dish with the test substrate glued to its floor, which was then covered by the test liquid, and a high-speed camera, as shown in Figure 1; further details can be found in [17]. The syringe pump dispenses the fluid slowly to form a droplet at the needle tip. The detached droplet falls on a liquid film covering the substrate in the Petri dish. The high-speed camera records the collision of the droplet with the film and subsequent formation (or not) of a stable dry spot.



The film thickness is set by forming a thick fluid layer on the substrate at the beginning and then removing the excessive volume. The addition and removal of liquid volumes are done with a digital pipette. The volume of removed liquid is determined using a calibration curve, that was obtained using a wet film thickness gauge (see details in [17]).



The droplet velocity is varied by changing the distance between the needle tip and the Petri dish. The velocity of a falling droplet and its diameter were determined from side view images captured by the high-speed camera. The details of the image processing can be found in [17,19]. The ranges of considered experimental conditions are presented in Table 2.




3. Results


3.1. Experimental Observations


The drop impact leads to the formation of a crater in a liquid film; Figure 2 shows an example of an image sequence. At 16.7 ms, the thin film ruptures at the bottom of the crater, and a dry spot appears. Then, the rim of the crater diverged from the dry spot forming ripples. The left dry spot enlarged to an equilibrium size (it is not shown in the figure). For aqueous glycerol solutions, the rupture of a crater bottom always causes the formation of a stable dry hole at the end of the impact process.



The behavior of the fluid films was studied for different droplet velocities and film thicknesses. For each case, the total energies (kinetic plus surface) of impacting droplets were calculated using measured droplet velocity  U , diameter  D  and fluid properties (density,  ρ , and surface tension,  γ ), i.e., as   ρ  π  12    D 3   U 2  + γ π  D 2   . The calculated values leading or not to formation of a dry spot are shown in Figure 3. For comparison, we added a plot with data for pure water from [17]. Unlike water films, viscous films are broken up at higher droplet energies. Furthermore, they showed a new case when a dry spot may or may not appear, which depends on whether the thin film at the bottom of the crater ruptures or not (Figure 2). Note, water films rupture of the thin film at the bottom of the crater does not guarantee that a stable dry spot will be observed as the dry spot formed can close due to surface forces [17].




3.2. Evaluation of Required Droplet Energy


To describe the observed phenomena, as a first step, we used the approach proposed in [17] for the inviscid case. The approach in [17] assumes that a stable dry spot appears in a liquid film, if the droplet energy is sufficient to form a cylindrical crater with a critical size of a dry base (Figure 4). The critical area of the dry base,    S  crit    , was determined by calculation of the difference of free energies of the state of the film with and without the dry spot. The curve of the free energy difference versus the area of dry spot showed an energy barrier. If the film overcomes this barrier, then a state with a dry spot becomes favorable.



Therefore, the critical area of the crater base was set to be equal to the area corresponding to the peak of the barrier. The total change of surface and potential energies with the crater formation were calculated using volume conservation and the assumption that the width of the crater rim is equal to film thickness. This type of calculation, however, underestimated the values of droplet energies for aqueous glycerol solutions, i.e., viscous systems (Figure 3).



To improve the model in [17], we considered an energy dissipation by viscous forces. For an incompressible Newtonian fluid, the viscous dissipation of energy is determined by the following integral over time,  t , and fluid volume,   V  :


  W = 2 μ   ∫  t    ∫  V   e  i j     2  d V d t  



(1)




where  μ  is the dynamic viscosity of the fluid and    e  i j   =  1 2      ∂  u i    ∂  x j    +   ∂  u j    ∂  x i        is the rate-of-strain tensor [23]. Solving of such integral is a complex task. Therefore, in drop impact, the evaluation of the viscous dissipation of energy is often done by using the following approximation:


  W ~ μ        U c     L c       2   Ω c   t c   



(2)




where    U c    is the order of velocity change over the characteristic distance,    L c   , for the fluid volume,    Ω c   , during the time,    t c    [24,25]. As the viscous dissipation of energy takes place during the droplet and film deformation, it can be written as the following summation with each term to be evaluated separately:


  W =  W  drop   +  W  film    



(3)







For the deforming droplet, the parameters for the evaluation of the viscous dissipation of energy are:


   U c  ~ U ;    L c  ~ D ;  Ω c  ~  D 3  ;  t c  ~  D U   



(4)







Then, the viscous dissipation of energy in a deforming droplet is proportional to


   W  drop   ~ μ      U D     2   D 3   D U  ~ μ U  D 2   



(5)







In turn, the viscous dissipation of energy in the film happens due to formation of the crater, i.e., liquid being displaced from the bottom of the crater; as such, the relevant parameters are:


   U c  ~ U ;    L c  ~ h ;  Ω c  ~ h  S  crit   ;  t c  ~  h U   



(6)




which leads to:


   W  film   ~ μ      U h     2  h  S  crit    h U  ~ μ U  S  crit    



(7)







Therefore, the total viscous dissipation of energy can be written as:


  W = A μ U  D 2  + B μ U  S  crit    



(8)




where  A  and  B  are non-dimensional constants.



Taking into account the viscous dissipation, the droplet energy for the film puncture is determined as:


   E  drop   =  E  inviscid   + W =  E  inviscid   + A μ U  D 2  + B μ U  S  crit    



(9)




where the term    E  inviscid     corresponds to the surface and potential energies arising from the critical size of the formed crater as in [17]. The constants  A  and  B  can be found by fitting Equation (9) to the experimental data.



The suitable values for constants  A  and  B  were found by varying them and searching for the minimum average separation error of Equation (9) in relation to all experimental points. As different numbers of experiments resulted in observing a dry spot or not, the separation error was calculated with the equalization on both classes as:


   separation   error  = 0.5    N  ds  −     N  ds   all     + 0.5    N  nds  −     N  nds   all      



(10)




where    N  ds  −    is the number of experimental points for which dry spot was observed, but droplet energy was lower than the value of Equation (9),    N  nds  −    is the number of experimental points for which dry spot was not observed, but droplet energy was higher than the value of Equation (9);    N  ds   all     and    N  nds   all     are total number of experimental points with and without dry spot, respectively. The separation errors were averaged for all considered viscosities:


   average   separation   error  =  1 3    ∑   j = 1  3     separation   error   j   



(11)







Considering all test fluids, a minimum average separation error was seen for   A = 57.5   and   B = 4.4   (Figure 5).



Using the above values for  A  and  B , the plots of Equation (9) are shown by blue solid lines in Figure 3. The plotted curves separate the cases with and without dry spots much better than the model without the viscous dissipation of energy. To compare viscous dissipation in the film and in the drop, we plotted their ratios for all three fluids (see Figure 6).





4. Discussion


The results show that the crater model of [17] underestimates the droplet energy for viscous films. The deviation of the thermodynamic model developed in [17] from experimental observation for the droplet energy needed to create a dry spot on a film increases as the viscosity of the film increases; for example, the underestimation for film viscosity of 20 mPa∙s can be as large as an order of magnitude. Addition of the viscous dissipation term to the model developed in [17] substantially improved the prediction for the droplet energy needed to create a dry spot in a film.



The fitting of the developed model to experimental data allows us to evaluate the contribution of the viscous dissipation in a drop and a film (Figure 6). As the critical area of the crater bottom,    S  crit    , depends on the film thickness, the viscous dissipation in a film increased with increasing of the film thickness. The ratio of film to drop dissipation are not the same for the different viscosities, because of the difference in other fluid properties that influence the critical area. Nevertheless, the results in Figure 6 show that the contribution of viscous dissipation of energy in the film dominates for cases where film thicknesses to droplet diameter ratio are larger than 7/4.



The remaining error of the fitted model is likely due to the assumptions that are made in developing the model. For example, the real shape of the crater deviates from the cylindrical form assumed in the model, see Figure 4 (for model) and Figure 2 (the snapshots at 10.3 ms from experiments). Furthermore, the error may be due to the approximation of viscous dissipation. Another contributing factor can be a new mechanism of the film rupture (see below).



For the viscous fluids, we observed a new case when film rupture may happen or not at the same impact conditions. At such conditions, the falling droplet forms a crater with a thin film at the bottom. When the rim of the crater starts to settle, it not only diverges from an impact point but also starts to backfill the bottom of the crater (cf., snapshots from 10.3 to 16.7 ms in Figure 2). If a thin film at the bottom of the crater does not have sufficient time to break, then the diverging and settling crater rim fills the cavity. However, if the thin film has sufficient time to rupture before thickening, then the dry spot always prevents the filling of the cavity and the crater rim only moves outwards from the impact point with broadening and ripples observed (snapshots from 21.4 to 64.9 ms in Figure 2). Such peculiarity of the film rupture was not mentioned in the previous works [17,18], and it probably should be considered in further modelling.




5. Conclusions


It has been shown that to calculate the external energy needed to break a liquid film over a surface, one needs to consider viscous dissipation of energy, if liquids with a low viscosity, other than water, are used. As such, a new model was developed to allow prediction of the energy needed. Our semi-analytical model correctly predicts the order of magnitude of the needed droplet energy as the external stimuli to create a dry spot in a liquid film. Our experimental results show that droplet energy for the film rupture (the formation of a stable dry spot) increases with viscosity. This is correctly predicted by the new model developed here. Furthermore, using the model developed, we understood that the dissipation occurs in both the droplet and the film, but in non-equal terms. It is shown that the dissipation in films will be dominant for cases where the ratio of the thicknesses to drop diameter is larger than 7/4.
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Figure 1. Schematic of the film rupture experiment. 
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Figure 2. Dry spot formation in a liquid film on a superhydrophobic surface after droplet impact for the case of aqueous glycerol solution with viscosity   μ = 15   mPa·s. The droplet velocity—  U = 3.3   m/s, diameter—  D = 1.9   mm, and film thickness—  h = 3.1   mm. 
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Figure 3. Energies of falling droplets,    E  drop    , leading or not to the formation of stable holes in the liquid films versus their thickness,   h  . Liquids are water (Data from [17]) and aqueous glycerol solutions. A joint legend outside the plots shows the notation of markers and lines. Legends inside of the plots present the separation errors of the crater model without and with the viscous dissipation of energy (blue and red fonts, respectively). 
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Figure 4. Model of the crater formation. The blue dashed lines show a droplet and film before impact. 
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Figure 5. Distribution of the average separation error of the crater model with viscous dissipation of energy (Equation (9)) at different constants  A  and  B . The white cross shows the constants (57.5; 4.4) at which the error has minimum value. 
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Figure 6. Ratio of viscous dissipation of energy in the film and the drop versus the film thickness. The plotted curves are generated using the values found for parameters  A ,  B  (Figure 5). 
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Table 1. Properties of experimental fluids (water and aqueous glycerol solutions) at 25 °C.
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	Glycerol, % Wt.
	Viscosity 1, mPa·s
	Density 1, kg·m−3
	Surface Tension, mN·m−1
	Static Contact Angle on Test Substrates, °





	0
	0.89 ± 0.02
	1 ± 0.0002
	72.0 ± 0.8
	169 ± 2



	68 ± 0.5
	15 ± 0.9
	1.17 ± 0.002
	66.4 ± 0.9
	167 ± 2



	71 ± 0.5
	20 ± 1.4
	1.18 ± 0.002
	65.1 ± 0.8
	166 ± 2







1 Values were taken from [20,21,22].
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Table 2. Conditions of the film rupture experiments. Weber number, We, and Reynolds number, Re, were calculated by using film thickness as a characteristic length.
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	Glycerol, % Wt.
	Droplet Diameter, mm
	Droplet Velocity, m·s−1
	Film Thickness, mm
	We
	Re





	0
	2.0 ± 0.1
	0.7–3.3
	0.7–4.3
	5–657
	566–16,093



	68 ± 0.5
	1.9 ± 0.1
	1.1–3.8
	0.2–3.4
	4–870
	14–1013



	71 ± 0.5
	1.9 ± 0.1
	1.2–5.1
	0.7–3.8
	25–1787
	72–1137
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