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Abstract 5 

Recent years see increasing studies of air entrapment during droplet impacting on a solid surface but with 6 

inconsistent results. Accurate simulation of the evolvement of entrapped air film during a droplet impact on a 7 

solid surface was achieved in this work with phase field method by applying dynamic contact angle model. 8 

Based on the discusses about the effects of droplet viscosity and surface tension on the entrapped air film 9 

initial radius and its retraction dynamics, we discovered three regimes at later stage of contraction (Regime1: 10 

No daughter droplet-attachment; Regime2: Daughter droplet-attachment/detachment; Regime3: Daughter 11 

droplet-detachment) separated by Oh or an Ohe number considering the lubrication effect of the air film. Under 12 

high Ohe regime, the bubble tends to attach to the substrate because of no daughter generation as has been 13 

previously reported. However, under low Ohe regime, the bubble tends to detach from the surface and a vortex 14 

street was found behind the retracting rim of the air volume which later produces a strong downstream flow 15 

inside the bubble that squeezes the daughter droplet out of the surrounding air. Under moderate Ohe regime, 16 

the volume ratio between the daughter droplet and the bubble is apparently determined by the advancing 17 

contact angle after which the static contact angle determines whether the bubble will attach to or detach from 18 

the substrate. Our research finding provides better insight about controlling entrapped air bubble 19 

attachment/detachment behavior in droplet impacting on a solid surface.  20 

1. Introduction 21 

Droplet impact is a common phenomenon encountered in natural and industrial scenes such as ink-jet 22 

printing, spray cooling, aircraft icing and so on1. When a droplet impacts on a solid surface it would always 23 

spread first and then may deposit, bounce or splash depending on the droplet properties, impact velocity, air 24 

components, surface wettability and surface roughness2. Normally, impact dynamics is characterized by the 25 

Reynolds (Re), Weber (We), Ohnesorge (Oh), and Capillary (Ca) numbers, defined respectively as: 26 

Re = ρDUμ      We = ρDU2σ      Oh = √WeRe = μ√ρDσ      Ca = μUclσ  27 

where ρ  is the liquid density, D is the droplet diameter, U  is the impact velocity, μ  is the liquid 28 

viscosity, σ is the surface tension and Ucl is the contact line moving speed. 29 

Air entrapment is almost inevitable when a droplet impacts on a solid or a liquid surface in atmospheric 30 

environment. When a droplet comes close to the substrate, the lubrication pressure in the thin air layer beneath 31 

the droplet will deform the bottom surface of the droplet into a dimple shape, forming a ring-shaped contact 32 

to the surface. As soon as the spreading begins, a small volume of air gets entrapped beneath the droplet, 33 



followed by a sequence of interface topological changes. Air entrapment is sometimes undesirable because it 34 

would degrade ink-jet printing quality or reduce heat transfer in spray cooling for instance. Also, it has been 35 

recently revealed that in an extreme low-pressure and high-humidity environment3, the compression from 36 

entrapped air may modify the surface wettability due to water vapor condensation. For the fast-kinetic freezing 37 

process of a droplet impacting on a supercooled solid substrate, a newly discovered type of delamination 38 

behavior of the frozen splats was recently reported, where the entrapped bubble in the frozen splat acts as a 39 

localized defect4. 40 

Since Chandra and Avedisian5 firstly reported the air entrapment phenomenon during droplet impact in 41 

1991, a few macroscopic studies have been conducted considering the initial air film size predictions, the air 42 

film retraction dynamics modelling and the following contraction profiles description6-12. Advances in 43 

experimental methods, such as ultra-highspeed video camera photography6, dual wavelength interferometry13, 44 

fast photography coupled with optical interference14 and total internal reflection (TIR) microscopy coupled 45 

with virtual frame technique (VFT) 15, have provided better visual insights both in time and in space, where 46 

the influence of the surrounding air pressure, extreme high liquid viscosity, surface roughness and surface 47 

elasticity have been studied16-21. However, the techniques such as light interference or total reflection tend to 48 

lose some critical information when viewing from the bottom of the droplet, and can’t reveal the bubble’s 49 

morphological changes in the vertical direction. A complete picture of air film dynamics and air film evolution 50 

into a bubble as shown in Fig.8 was successfully captured in 2012 by Lee from the front view using ultrafast 51 

x-ray phase-contrast imaging22. Their study clearly showed that after the droplet impacting the surface in a 52 

dimple shape of the bottom surface, a small volume of air was trapped beneath the droplet, forming an air film. 53 

The air film would retract by surface tension to minimize the surface energy, while at the same time the 54 

capillary wave on the upper surface would transport inward at a higher speed. As the wave reaches the 55 

substrate, the air film would continue contracting and forming into a spherical bubble with a daughter droplet 56 

entrapped inside. It was also found that at high Oh numbers, no daughter droplet was formed inside the final 57 

spherical bubble because of the high viscous dissipation of the capillary wave. The static contact angle (SCA) 58 

was suggested to play a decisive role on the attachment/detachment behavior of the bubble under moderate 59 

Oh situation given that the volume ratio between the daughter droplet and the bubble, i.e., Vd/Vb, is 60 

independent of SCA. However, it is still unclear what would happen at low Oh situation where the interfacial 61 

force becomes dominant and also what determines the Vd/Vb value needs better understanding. 62 

In parallel with experimental studies, some commonly used interface capture methods such as VOF, 63 

CLSVOF, Lattice-Boltzmann have been used to show the formation of the air film, but with limited success 64 

in capturing the subsequent dynamics, due to the large demand in computation source and the difficulties in 65 

establishing surface tension on surfaces with complex microscale topological variations23-27. Most of the 66 



existing simulation work mainly focuses on the deformation of the droplet before contact, the air pressure 67 

distribution in the initial air film, the influence of the air film to the heat transfer between the liquid and the 68 

wall, and the influence of the entrapped air to the liquid solidification process, few of them investigates the 69 

following air film evolvement dynamics. Recently, detailed dynamics of the air film upon a drop impacting 70 

on a liquid pool was simulated by Jian with BASILISK codes28, where three possible regimes were identified, 71 

i.e., contracting into a single central bubble, forming a toroidal bubble, or splitting vertically into two smaller 72 

bubbles. These regimes are separated by a newly proposed Ohe number Ohe = OhSt−13 based on the air-film 73 

thickness, St is the Stokes number and St = μgρDV where μg is the gas viscosity. The study also revealed the 74 

importance of vortex shedding at low Oh regime. For droplet impacting on a solid surface, it becomes more 75 

complicated as the accurate boundary condition of the solid wall is difficult to be established. Very recently 76 

Kumar studied air film evolvement process and the influence of surface wettability to the 77 

attachment/detachment of the air bubble using the VOF method29. A critical SCA was found in differentiating 78 

two regimes. The bubble would detach from the surface at SCA <35° and would stay attached to the surface 79 

at a high SCA ~ (90°-120°)26, which they claimed to correspond well with the experiment results of Lee22. 80 

However, there are significant differences in between. According to Lee’s experimental results, whether the 81 

bubble would leave the surface happens apparently after the daughter droplet generation is finished. The 82 

reason for bubble detachment could be explained by a geometrical relation, as shown in Fig.1522, that at a 83 

given volume ratio Vd/Vb, the daughter droplet would spill out from the bottom of the bubble at a low SCA. 84 

While in Kumar’s simulation, the detachment happens before the toroidal bubble convergence. It is believed 85 

that the use of SCA model in Kumar’s simulation is inappropriate as the air film retraction speed could reach 86 

5 m/s6, 22 , leading to a large Ca number of 0.068. This suggests that the movement of the contact line should 87 

be better described by the dynamic contact angle (DCA) rather than the SCA.  88 

In order to advance the understanding of air film dynamics upon a droplet impacting on a solid surface, 89 

a detailed numerical study was conducted based on the Phase Field Method (PFM) in combination with a 90 

DCA model in this work. The DCA model is established experimentally by capturing the droplet dynamics in 91 

analogy to the entrapped air evolution. After successfully validated by the Lee’s experiments, the effects of 92 

droplet viscosity and surface tension on the dynamics of the air bubble are studied, and three possible regimes, 93 

including one that has never been reported, are identified depending on the Oh or the Ohe number. The detailed 94 

mechanisms of air film dynamics are further examined by the energy conversion and flow field analysis. 95 

2. Simulation and experimental section 96 

2.1 Phase Field Method 97 

Phase Field Method (PFM) is an interface tracking method for two-phase flow dynamics based on Cahn-98 



Hilliard diffuse theory30 coupling with the Navier–Stokes equation. It has gained quite a lot attention since 99 

Yue31, and has been successfully applied in many multiphase simulation work32-37. It is particularly useful 100 

when there is rapid spatial change in the micro-scale topology of the fluid interfaces or when the interface 101 

thickness is comparable to the length scale of the system, where the sharp-interface methods such as VOF 102 

could not capture accurately the interfacial curvature. The PFM is adopted in this work. 103 

In the PFM, the diffuse interface is defined as the region where the dimensionless phase field variable ϕ 104 

goes from 0 to 1, and the Cahn-Hilliard equation is split up into two equations: 105                                                                       ∂ϕ∂t + 𝐮 ∙ ∇ϕ106 = ∇ ∙ γδε2 ∇Ψ,                                                    (1) 107                                                                  Ψ108 = −∇ ∙ ε2∇ϕ + (ϕ2 − 1)ϕ.                                                  (2) 109 

where u is the fluid velocity field, γ = χε2 is the mobility parameter (χ is defined as the mobility tuning 110 

parameter), δ  is the mixing energy density, and ε  is the interface thickness parameter. The following 111 

equation relates the mixing energy density and the interface thickness to the surface tension coefficient： 112 

σ= 2√23 𝛿𝜀. 113 

In the phase field interface, the volume fractions of the individual fluids are: 114 Vf1 = 1−ϕ2 , 115  Vf2 = 1+ϕ2 . 116 

The density ρ and the viscosity μ of the mixture vary smoothly over the interface as: 117 ρ = ρ1 + (ρ2 − ρ1)Vf2, 118 μ = μ1 + (μ2 − μ1)Vf2. 119 

The transport of mass and momentum in phase field method is governed by the Navier-Stokes equations 120 

with surface tension incorporated in the model to better simulate capillary effects: 121                                         ρ ∂𝐮∂t + (𝐮 ∙ ∇)𝐮122 = ∇ ∙ [−p𝐈 + μ(∇𝐮 + (∇𝐮)T) + 𝐅st + ρ𝐠],                       (3) 123 ∇ ∙ 𝐮 = 0. 124 𝐅st is the surface tension: 125 𝐅st = G∇ϕ. 126 

And G is chemical potential: 127 G = δ [−∇2ϕ + ϕ(ϕ2−1)ε2 ]. 128 

As seen above, the phase field surface tension is computed as a distributed force over the interface using 129 



only the gradient of the phase field variable. This computation avoids using surface curvature, which may be 130 

troublesome to represent numerically. 131 

Normally two dimensionless numbers are important in phase field method:  132 

(1) Cahn number Cn= εL: relative thickness of the interface compared with the system length scale. 133 

(2) Péclet number Pe = LUεγσ = LUχεσ  : relative strength of advection over the diffusion of the fluid 134 

components at the interfacial region, where L is the characteristic length (such as the droplet diameter D before 135 

impact) and U is the characteristic velocity (such as the droplet impact velocity). Cn~0.01  has been 136 

previously verified as a proper choice to achieve satisfactory precision without costing too much computing 137 

resource31-35. While the phenomenological mobility parameter γ or the mobility tuning parameter χ, which 138 

determines the time scale of the Cahn-Hilliard diffusion, must be chosen judiciously. It must be sufficiently 139 

large to retain a constant interfacial thickness but small enough so that the convective terms are not overly 140 

damped. It has been recently proved by Bai37 that the mobility parameter γ and the Pe should be kept as a 141 

constant for a given physical system and thus Pe is proportional to the interface thickness ε when χ and 142 

other physical properties are fixed. 143 

Wall and contact angle boundary force is defined as: 144 

u∙nwall = 0, 145 

                        Fθ = σδ(𝐧wall ∙ 𝐧 − cosθw)𝐧.                      (4) 146 

where θw is the contact angle of the surface, and δ equals a Dirac delta function that is nonzero only 147 

at the fluid interface. The method allows to specific the contact angle with a small amount of slip, the slip 148 

boundary sets the velocity component normal to the wall to zero as: 149 𝐮 ∙ 𝐧wall = 0. 150 

and adds a frictional force Fc as: 151 𝐅𝐜 = μ
Ls

𝐮. 152 

where Ls is slip length. 153 

2.2 Model Description 154 

A two-dimensional axisymmetric model is established, as seen in Fig 3, where a water droplet of diameter 155 

D0=2.6 mm impacts onto a solid surface at a velocity of U0=1.25 m/s, corresponding to Lee’s experiments22. 156 

The size of the domain is 2D0×1.5D0. The density of ρ=996.4 kg/m3, the dynamic viscosity of μ0=1.005 157 

mPa∙s and the surface tension between the droplet and the air of σ0 =7.275×10-2 N/m are used for the water 158 

droplet. The air pressure of the gas phase as well as the upper and side pressure boundary conditions are all 159 

set as P0=1 atm. For the wall boundary a slip boundary condition is used to capture the effect of the DCA 160 

model. 161 



 162 

Figure 1 Sketch of the simulation model 163 

2.3 Dynamic Contact Angle (DCA) Model 164 

DCA model is quite important in simulating droplet impact dynamics, where the movement of the triple 165 

contact line and the apparent contact angle are not governed by the interface energy properties described by 166 

Young’s Equation38. For example, the initial rapid contact line spreading of an impacting droplet is dominated 167 

by inertia; however as it reaches the maximum spreading diameter with the inertia vanished, its later behavior 168 

is more controlled by the interactions between the surface tension and the viscous force38, 39. The DCA is 169 

mainly influenced by the droplet diameter and impact velocity, which is a result of the competitions among 170 

the inertia39-41, the viscosity of the droplet39-42, the wettability of the substrate40-44and the liquid-gas surface 171 

tension 40, 41, 43, 44. The DCA has been shown to capture well the droplet impact dynamics such as the maximum 172 

spreading diameter coefficient, up to the point of splashing threshold42, 45, 46. Although it’s still not understood 173 

clearly, it is generally agreed that the DCA is a function of the contact line movement speed38, 47. In 2008, 174 

Yokoi etc. proposed a DCA model48 based on the Tanner’s law: 175 Ca = k(θd − θe) 176 

for capillary-dominated situation (low Ca number), where Ca is the capillary number and k is a material 177 

related constant that is empirically determined, θd  is the dynamic contact angle, θe  is the equilibrium 178 

contact angle. For inertia-dominated situation (high Ca number), the approximation is taken as: 179 θd = {θa, Ucl ≥ 0θr, Ucl ≤ 0 180 

where θa is the maximum advancing contact angle and θr is the minimum receding contact angle. So, 181 

the Yokoi dynamic contact angle model can be written as: 182 

θd(Ucl) = {min [θe + (Caka)13, θa] , Ucl ≥ 0max [θe + (Cakr)13, θr] , Ucl ≤ 0             (5) 183 



 184 

2.4 Dynamic Contact Angle Measurement 185 

It is quite hard to measure the DCA inside a droplet during the air film evolution, but it would be much 186 

easier to capture from the outer droplet spreading-receding process. The DCA is determined by the contact 187 

line movement, influenced by the impact inertia, the interfacial tensions and the liquid viscosity, which are 188 

similar inside and outside. The only difference is that during the fast-moving process of the contact line, it is 189 

inertia dominated outside while it is surface tension dominated inside. In both situations, it is expected that 190 

the relationship between the DCA and the contact line moving speed Ucl is applicable. So, it is reasonable to 191 

apply the DCA measured from the outside to mimic that inside the droplet. Figure 1 shows a schematic view 192 

of the apparatus we used to determine DCA. A water pump is used to pump water slowly with precisely 193 

controlled volume into a 26G syringe needle, and a pendant drop is generated with diameter of 2.6±0.1 mm. 194 

The height between the needle to the substrate could be adjusted to determine the impact speed. The substrate 195 

used is a polished smooth silicon wafer with roughness lower than 1 nm and the SCA of the substrate is 196 θs=48.5°±2°. A video of the droplet spreading-receding process is supplied in Supplementary Material 1. 197 

A high-speed camera iX-i SPEED 7, with a frame rate of 20000 fps at pixel of 952×672, is used to capture 198 

high-resolution droplet dynamics. With the sharp outline of the droplet, image processing based on MATLAB 199 

platform is used to obtain contact line moving speed and contact angle. The error of contact line moving speed 200 

measurement is about ±0.1 m/s and the error of the contact angle extracted is ±2°. According to our experiment 201 

measurement, the maximum advancing contact angle during spreading is θa=95° and the minimum receding 202 

contact angle during retraction is θr = 5°. The dynamic contact angle measured as a function of contact line 203 

moving speed is shown in Fig.2, which could be well fitted by Yokoi’s DCA model when the empirical 204 

parameter Ka is taken as 2×10-9 and Kr is taken as 2×10-8. It should be noted here that in the DCA model 205 

shown in Fig.2, θs = 50° rather than 48.5° is used to better describe Lee’s experiments.   206 

 207 

Figure 2 Experiment setup for dynamic contact angle measurement 208 

  209 



 210 

Figure 3 Dynamic contact angle (DCA) model fitted by Yokoi model 211 

 212 

3. Results and discussion  213 

3.1 Simulation of droplet impact dynamics  214 

To validate the DCA model measured from the experiment, a phase field simulation of the droplet impact 215 

spreading and receding process is firstly conducted. The DCA model in Eq. 5 is used. As for the Cahn number 216 

of the phase field method, the value of Cn=0.01 by using ε = 2.6 𝜇m is used. Both the parameter χ and the 217 

slip length would influence the results dramatically. As summarized in ref [49], the slip length on hydrophilic 218 

glass substrates varies from 0 to 1 𝜇𝑚49, a cross analysis of the phase field mobility tuning parameter χ and 219 

slip length Ls  is performed, as shown in Fig.4, where the spreading factor β = D(t)/D0 is used to reflect 220 

simulation accuracy.  221 

It turns out that when the χ is taken as 9 m∙s/kg and Ls is taken as 500 nm, the simulation results agree 222 

best with experiment measurement as shown in Fig. 5 and Fig. 6. The comparison of maximum spreading 223 

factor βmax and equilibrium spreading factor βe between experiment measurement/simulation results and 224 

theoretical results is shown in Table 1. The βmax is calculated by equation 225  βmax = √ We+123(1−cosθa)+4(We/√Re)                         (6) 226 

as proposed by Pasandideh-Fard41.The relative error between DCA simulation results and theoretical result is 227 

1.95% for βmax  and is 2.29% for βe . It should be noted here that the relative error of βe  between 228 

experimental and theoretical results is because the SCA measured in the experiment is 48.5° while 50° is used 229 

in the theoretical calculation. 230 

As shown in Fig.4, when the mobility tuning parameter χ is taken too small, such as 1 m∙s/kg, the βmax 231 
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is lower than theoretical results and cannot reach an equilibrium state until 30 ms. This is because the diffusion 232 

of the interface is too weak to drive the interface moving at low Ca number situation when the inertia is well 233 

dissipated. While if the χ  is taken too big, i.e., 30   m∙s/kg , there is an obvious fluctuation during the 234 

retraction process at t=10-15 ms and that is because the diffusion dominates the system and imposes the droplet 235 

with extra kinetic energy transferred from surface energy. As for the influence of slip length, the smaller it is 236 

taken, the bigger βmax is obtained, leading to more obvious fluctuation before reaching the equilibrium state, 237 

which is due to the lower friction from the substrate. 238 

 239 

Figure 4 Influence of mobility tuning parameter 𝛘 and slip length 𝐋𝐬 to the spreading factor 240 

(A) 𝛘 = 𝟏 m∙s/kg (B) 𝛘 = 𝟗 m∙s/kg (C) 𝛘 = 𝟐𝟎 m∙s/kg (D) 𝛘 = 𝟑𝟎 m∙s/kg  241 

 242 

Figure 5 Comparison of droplet impact spreading and receding process between simulation and experiment results 243 

(A) Experiment results (B) Two-dimensional view of simulation results (C) Three-dimensional view of simulation 244 

results 245 



 246 

Figure 6 Comparison of 𝛃 development with time between experiment, DCA simulation and SCA simulation results 247 

Table 1 Comparison of 𝛃𝐦𝐚𝐱 and 𝛃𝐞 between simulation & experiment results with theoretical results 248 

Item 
Theoretical 

Results 

Experiment 
Measurement 

DCA Simulation 
Results 

Relative Error of 
Experiment 

Relative Error of 
DCA Simulation 𝛃𝐦𝐚𝐱 3.07 2.97 3.01 3.26% 1.95% 𝛃𝐞 1.75 1.81 1.71 3.43% 2.29% 

 249 

The comparisons in Fig.5 and Fig.6 show that the simulation agrees very well with the experimental data. 250 

The droplet firstly spreads fast during t<3.5 ms, driven by the strong impact inertia and then the contact line 251 

movement gradually decelerates. After reaching the maximum spreading factor βmax at t=5.8 ms, the droplet 252 

recedes slowly under the control of surface tension and viscous force. At t >25 ms, the droplet deposits on the 253 

surface, characterized by a SCA. This shows that the PFM in combination of the DCA model can capture 254 

reliably the interface movement, and is adopted for further studies, as below.   255 

3.2 Simulation of the entrapped air film evolution  256 

With the well validated DCA model (i.e., Eq.5) and the slip length (i.e., Ls=500 nm), the simulation of 257 

entrapped air film evolvement during droplet impact on a solid surface is conducted. As for the PFM 258 

parameters, the diameter of the final spherical bubble is used as the characteristic length of the system, which 259 

is around 50 𝜇𝑚, so the ε is set as 500 nm with the maximum mesh size hm =500 nm to make the Cn=0.01. 260 

Since it is quite a different physical system both in size and time scale from the droplet impact spreading and 261 

receding process, χ = 9 m∙s/kg found to best fit the outer simulation is no longer be feasible here. After 262 

testing χ  ranging from 50 to 500 m∙s/kg , χ = 250 m∙s/kg  is chosen as the optimum values. The much 263 

higher χ value is because the entrapped air film dynamics is more controlled by surface tension than inertia. 264 
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The comparison between simulation results and theoretical predictions6 of the air film radius varying with 265 

time during retraction is shown in Fig. 7. It is found when χ is taken too small such as 50 m∙s/kg, the initial 266 

size of the air film is larger than the experimental results and when it is taken too large such as 350 m∙s/kg, 267 

the pinch off of the secondary daughter droplet is restrained because the advection is overly damped by the 268 

diffuse, as shown in Supplementary Material 2. 269 

 270 

Figure 7 Comparison between simulation result and theoretical prediction of the air film radius varying with time 271 

during retraction 272 

With χ = 250 m∙s/kg, the initial radius of the air film is 148.5 𝜇𝑚 as compared to 145±5 𝜇𝑚 in Lee’s 273 

experiment, and the initial height of the air film (taken at water fraction Φw = 0.9 in the interface) is 1.91 274 𝜇𝑚, which agrees quite well with experimental observations in ref [6], i.e., 1.9 𝜇𝑚 over a range of We ~(70–275 

900) and Re ~(1600–5800). 276 

As shown in Fig.8 and Supplementary Material 3, the droplet would firstly glide on the thin air film before 277 

contacting, and form a dimple shape at the bottom surface upon droplet wetting the substrate, resulting in the 278 

entrapment of an air film. The air film retracts rapidly by surface tension to minimum the surface energy at 279 t < 40.5 𝜇𝑠, and at the same time a capillary wave transports inwards on the upper surface of the air film. 280 

After the trough of the capillary wave reaching the substrate at t=47.9 𝜇𝑠, the toroidal bubbles still keep 281 

contracting until converging at t=58.9 𝜇𝑠. A tiny secondary daughter droplet is then pinched off at t=62.6 𝜇𝑠 282 

at the center of the bubble and merges with the mother daughter droplet at t=73.6 𝜇𝑠. Finally, the spherical 283 

bubble stay attached to the substrate with a daughter droplet entrapped inside it. The volume ratio between the 284 

daughter droplet and the bubble Vd/Vb is 5.52% in our simulation, whereas the value is 5.2%±0.7% in Lee’s 285 

experiment. Such excellent agreement clearly shows that the combination of PFM and DCA can simulate 286 

accurately the air film dynamics upon droplet impact on a solid surface.  287 
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 288 

Figure 8 (A) Sketch of the entrapped air film evolvement happening right after the droplet spreading begins. 289 

 (B) Comparison between Lee’s experiment22 and our simulation results (liquid is denoted in red, while gas is 290 

denoted in blue). D=2.6 mm, U=1.25 m/s, 𝛒 = 𝟗𝟗𝟔. 𝟒 𝒌𝒈/𝒎𝟑, 𝛍 = 𝟏. 𝟎𝟎𝟓 𝒎𝑷𝒂 ∙ 𝒔, 𝛔 = 𝟎. 𝟎𝟕𝟐𝟕𝟓 𝑵/𝒎, We=55.6, 291 

Re=3222, Oh=0.0023 292 

On the contrary, if the SCA model is used with θ = 50°, the toroidal bubble would leave the substrate 293 

between t=55 𝜇𝑠 and 65 𝜇𝑠 before it converges, as shown in Fig.9. The result is quite similar to Kumar’s 294 

simulation work, as shown in Fig xx29, which is however inconsistent with the experimental observation22. 295 

Such an apparent difference can be ascribed by the mismatch between the contact angle model and the physical 296 

processes. As shown by both simulation and experiments, the retraction speed of the air film is very fast, i.e., 297 

as high as ~5 𝑚/𝑠, the governing parameter to the interfacial dynamics should be the advancing contact 298 

angle, θa , rather than the SCA. If the contact angle model is inappropriately used, the values, even the 299 

direction of the interfacial forces, would be different, resulting in different simulation results.  300 

 301 

Figure 9 Simulation results with SCA model, 𝛉 = 𝟓𝟎°
 302 

3.3 Effect of Oh number 303 

After achieving the excellent agreement between our simulation and experimental results22, a parametric 304 

study of the influences of viscosity and surface tension of the droplet is conducted. 305 

Fig.10 (A) shows the effect of droplet viscosity μ on the initial radius R0 and the retraction process of 306 

the air film. As it shows, the initial radius increases from 148.5 𝜇𝑚 to 210.1 𝜇𝑚 when μ increases from 307 1 𝑚𝑃𝑎 ∙ 𝑠  to 5 𝑚𝑃𝑎 ∙ 𝑠 . This agrees well with the experimental finding in ref [17] for inviscid or low-308 

viscous fluids. As the time evolves, the air film shrinks due to the effect of surface tension in minimizing the 309 

area, and approaches asymptotically to an equilibrium value, which is only affected slightly by the viscosity. 310 

According our measurements, the maximum retraction speed is 4.24 m/s for μ = 1 𝑚𝑃𝑎 ∙ 𝑠 and 2.26 m/s for 311 



μ = 5 𝑚𝑃𝑎 ∙ 𝑠 respectively. This agrees well with the air film retraction speed, described by Thoroddsen in 312 

ref [6]: 313 

                            R(t) = R0 exp(−C√πσ/ρVt)                        (7) 314 

where V  is the volume of the final spherical bubble and C is a system determined proportionality 315 

constant, which is proportional to Oh−12 = μ−12(ρσD)14.  316 

 317 

Figure 10 Influence of droplet viscosity and surface tension to the initial radius and retraction process of the air film 318 

Fig.10 (B) illustrates the influence of surface tension σ to the initial radius R0 and the retraction process 319 

of the air film. It clearly shows that while the surface tension affects the initial radius, it becomes more 320 

important in the air film dynamics and the evolution time. As σ increases from 0.01455 N/m to 0.36375 N/m 321 

( 0.2σ0 to 5σ0 ), R0 decreases from 174.3 𝜇𝑚  to 140.7 𝜇𝑚 , which could be attributed to the anti-322 

deformation effect of the surface tension. As shown in Eq. (7), the retraction speed increases as the surface 323 

tension increases. The maximum retraction speed U0  is observed to be as high as 9.1 m/s at σ =324 0.36375 𝑁/𝑚, which is 2.2 times that of σ = 0.07275 𝑁/𝑚.  325 

One interesting finding is that at high surface tension, such as σ = 0.18755 𝑁/𝑚  and σ =326 0.36375 𝑁/𝑚, the life time of the air film is significantly shortened. The detachment of the bubble would 327 

occur right after the daughter droplet generation, resulting in the possibilities of forming different regimes. 328 

This can be explained by the competition between the retracting speed of the aim film and the propagation 329 

speed of the capillary wave. As the retraction speed increased at higher surface tension, so does the propagation 330 

speed of the capillary wave. As described in ref [6] and [16], the travelling velocity of the wave could be 331 

estimated as: 332 

                              cg = 1.5√2πσ/ρλ                                (8) 333 

where λ is the wavelength and it’s 60 𝜇𝑚 for σ = 0.07275 𝑁/𝑚 and 30 𝜇𝑚 for σ = 0.36375 𝑁/334 𝑚, as obtained from our simulation. Consequently, the propagation speed of the capillary wave becomes 3.16 335 

times faster when the tension increases from 0.07275 𝑁/𝑚 to 0.36375 𝑁/𝑚. As a result, the trough of 336 

the wave would reach the substrate much earlier with much higher surface energy left, which promotes the 337 



pinch off of secondary daughter droplet, and the subsequent fast contraction of the bubble-daughter surface. 338 

In addition, our simulation shows that there is a strong vortex street behind the rim of the air film generated 339 

by the faster retraction. On one side it pushes the toroidal bubble converging inwards with higher momentum, 340 

and at the other side, it results in an enhanced downstream flow inside the daughter droplet, which 341 

subsequently squeezes the daughter droplet out of the surrounding bubble, as shown in Fig.11. It should be 342 

noted here that the reason for the detachment of the air bubble by high surface tension is quite different from 343 

the SCA determined situation, as discussed in the next section. 344 

 345 

Figure 11 Velocity Field with streamline for σ=0.36375 N/m, the arrow is proportional to velocity 346 

We further investigated the influence of Oh to the dynamics of the air film after the contraction, by varying 347 

viscosity and surface tension of the droplet while keep the droplet diameter, impact velocity and gas properties 348 

constant. The Weber number investigated ranges from 10-500, and the Reynolds number ranges from 1000-349 

6000, leading to Oh ranges from 5.27 × 10−4 to 2.24 × 10−2. At high Oh numbers, because of the viscous 350 

damping effects as reported by Lee22, the capillary wave could not reach the substrate to separate the air 351 



volume into a toroidal shape, and no daughter droplet could be generated. While at low Oh number, the air 352 

bubble always leaves the substrate due to the dominance of surface tension. From the simulation, it is revealed 353 

that there are three possible scenarios at different Oh numbers: i) Regime 1: No daughter droplet-attachment, 354 

ii) Regime2: Daughter droplet-attachment/detachment, and iii) Regime3: Daughter droplet-detachment, as 355 

summarized in Fig. 12 and shown schematically in Fig. 13. Instead of the two previously reported regimes 356 

(i.e., Regime 1 at high Oh number and Regime 2 at moderate Oh number), it is predicted numerically that 357 

there shall have another regime exists: the daughter droplet can be generated but always detach from the 358 

substrate, i.e. Regime 3. The threshold between regimes 1 and 2 is Oh1=0.006 and between regimes 2 and 3 is 359 

Oh2=0.00155 respectively. If considering the lubrication effect of the air film by defining an effective Oh 360 

number, i.e., Ohe = OhSt−13  as proposed by ref [28], the threshold of Ohe  would be 0.073 and 0.019 361 

respectively to demarcate the regime 1 and 2, and regime 2 and 3. Compared with Oh, Ohe takes the influence 362 

of the air properties into account, and thus would be more suitable for defining the 3-regimes phase diagram. 363 

Consequently, the entrapped air bubble behavior could be characterized by three regimes considering a wide 364 

span of Oh numbers. The newly predicted Regime 3 is yet to revealed experimentally. And it also should be 365 

noted here that in Regime 2, whether the bubble will attach to or detach from the substrate is simultaneously 366 

determined by the volume ratio Vd/Vb and the static contact angle θs which will be discussed in section 3.4. 367 

 368 

Figure 12 Phase Diagram of air bubble dynamics according to We-Re  369 



 370 

Figure 13 Exhibition of 3 regimes dependent on Oh number 371 

 372 

3.4 Effect of dynamic contact angle to the Vd/Vb 373 

For the moderate Oh or Ohe regime, as has been discussed by Lee22, whether the bubble would detach 374 

from the substrate is determined by the SCA of the substrate. As the volume ratio of the daughter droplet to 375 

that to bubble, Vd/Vb, doesn’t change with SCA, the more hydrophilic the surface is, the easier the air bubble 376 

detachment would happen. To better understand the mechanism, we measured the DCA of a highly hydrophilic 377 

silicon wafer, as shown by video 3 in in Supplementary Material 4. The SCA measured is 12° while the 378 

advancing contact angle is as high as 95° because it is the inertia-dominated process. For this substrate, the 379 

Ka in Yokoi DCA model is taken as 4 × 10−9.  380 

The simulation result with this DCA model, as shown in Fig.14, shows that after the daughter droplet is 381 

generated, the bubble finally detaches from the substrate at t=90 𝜇𝑠  which could be explained by the 382 

geometry relation shown in Fig.15 that at the given volume ratio of Vd/Vb = 0.052, the bubble would leave 383 

the substrate when the SCA is smaller than 42.5°. 384 

 385 

Figure 14 Bubble detaches from substrate at lower static contact angle, 𝛉𝐬=12°
 386 

 387 

Figure 15 Geometrical relation of the critical case in SCA determined bubble attachment/detachment by Lee22 388 



This led us to think that it is the DCA that determines Vd/Vb. So, we studied the effect of θa and Ka in 389 

the Yokoi DCA model on Vd/Vb with θa ranging from 70° to 120° for a given Ka=2×10-9, and Ka ranging 390 

from 1×10-9 to 5×10-9 for a given θa = 95°, as shown in Fig.16. It should be noted here that since the air film 391 

retraction corresponds to the droplet spreading, so the negative part of DCA models (Ucl≤0) isn’t shown and 392 

it would not cause any error. It turns out that the θa influences the volume ratio Vd/Vb negatively correlated 393 

while Vd/Vb shows no regular and obvious variation with Ka, as shown in Table.2. This implies the advancing 394 

contact angle θa plays an important role in determining Vd/Vb. However, it needs to be mentioned here that 395 

the θa is simultaneously influenced by the impact inertia, liquid viscosity, surface tension and static contact, 396 

and to the best of our knowledge, no explicit relationships among them has been achieved yet. For instance, 397 

according to ref [35]-ref [41], the estimated increase of θa when droplet viscosity increases from 1𝑚𝑃𝑎 ∙ 𝑠 398 

to 10 𝑚𝑃𝑎 ∙ 𝑠 will be less than 10° and the influence of surface tension is in a reverse way but normally 399 

weaker.  400 

 401 

Figure 16 DCA Models with different 𝛉𝐚 and Ka 402 

 403 

Table 2 Influence of 𝛉𝐚 and Ka in DCA model to Vd/Vb 404 𝛉𝐚 (°) Ka Vd/Vb (%) 
70 2∙10-9 Detachment 

80 2∙10-9 Detachment 

85 2∙10-9 6.35 

90 2∙10-9 5.97 

95 2∙10-9 5.52 

100 2∙10-9 5.34 

110 2∙10-9 3.76 

120 2∙10-9 2.16 
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𝛉𝐚 (°) Ka Vd/Vb (%) 
95 1∙10-9 6.08 

95 2∙10-9 5.52 

95 3∙10-9 5.63 

95 4∙10-9 5.43 

95 5∙10-9 5.36 

4. Conclusion 405 

The droplet impact and dynamics of inner entrapped air film were numerically investigated achieved 406 

through Phase Field Method (PFM) by properly setting the mobility tuning parameter χ. And it’s been proved 407 

by our simulations with 2 dynamic contact angle (DCA) models measured from our experiments (Substrate 1: 408 θs ≈ 50°, θa ≈ 95°, Substrate 2: θs ≈ 12°, θa ≈ 95°) that the DCA model measured from the droplet impact 409 

spreading and receding process could and should be used to simulate the entrapped air film dynamics. The 410 

liquid viscosity and surface tension could significantly influence the initial radius and the retraction dynamics 411 

of the air film. More importantly, their competition would determine the bubble attachment/detachment 412 

regimes separated by the Ohe number. Under high Ohe regime, the bubble tends to attach to the substrate with 413 

no daughter generation due to high viscous dissipation of the capillary wave. While as we newly discovered, 414 

under low Ohe regime, the bubble tends to detach from the substrate resulted from the strong downstream flow 415 

inside the bubble stirred by the vortex following the retraction, the energy comes from the high surface energy 416 

with low viscous dissipation. Under moderate Ohe regime, whether the bubble will attach or detach from the 417 

substrate will be determined by the static contact angle given that the volume ratio Vd/Vb is determined by the 418 

advancing dynamic contact angle. Our finding about what happens at low Oh situation and the decisive role 419 

of advancing contact angle in determining Vd/Vb at moderate Oh regimes provides more comprehensive 420 

instructions to control entrapped air bubble attachment/detachment behavior in droplet impacting on a solid 421 

surface. At last, the χ tested by our investigation may provide references for one to simulate droplet impact 422 

dynamic or air entrapment dynamics with PFM. 423 
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Supplementary Materials 518 

1. See Video 1. 519 

2. Entrapped air film dynamics simulation with χ = 350 𝑚 ∙ 𝑠/𝑘𝑔, no pinch off of the secondary daughter 520 

droplet. 521 

 522 

3. See Video 2. 523 

4. See Video 3. 524 


