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ABSTRACT

The phenomenon of bubble encapsulation results from droplet impact on a liquid film for specific impact conditions, but there is no
established criterion for predicting its onset. Phenomenon visualization from two perspectives, the common lateral perspective and a bottom
perspective, provided insights into the dynamics and formation mechanisms. Namely, the bottom shadowgraphs show capillary wavy
patterns and perturbations imposed on the steady liquid film, which suggests a greater role of the liquid film in the onset of bubble
encapsulation. Also, some considerations about the cavity development underneath the bubble limited by the solid wall allow concluding
that the cavity shape is independent of the bubble encapsulation phenomenon. Additionally, using the bottom shadowgraphs, the crown
closure time shows a systematic decrease in the dimensionless film thickness of 0:5 < df < 0:6, which will be subject of future work. Finally,
while most drop impact correlations focus on using the droplets’ characteristics and thermophysical properties, the experimental results
point in a different direction. Considering correlations relating the Ohnesorge and Reynolds numbers, the new criterion for the onset of
bubble encapsulation uses drop characteristics and properties in the Reynolds number, while the liquid film thickness and thermophysical
properties are used in the Ohnesorge number because most of the crown material comes from the liquid film. Therefore, the criterion based
on 100% occurrence of bubble encapsulation is not a threshold, but a range: kbe ¼ lnð34:5=ReDÞ=lnðOhf Þ, with kbe 2 ½1:022; 1:142�. Other
authors observed this phenomenon and despite being outside the validation range of this correlation, the values are close to their boundaries.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138901

I. INTRODUCTION

The fundamental hydrodynamic and thermal-induced mecha-
nisms of the single drop impact of sizeD0 onto a liquid film of thickness
hf have been studied since the time of Worthington.1 The most com-
plex morphological event occurs when the impact energy is enough to
form a liquid crown structure from which instabilities at the bounding
rim lead to a secondary atomization process. Several authors identified
the splashing phenomenology as prompt splash and crown splash.2,3

However, for specific sets of impact conditions, prompt and crown
splash are observed followed by the radial expansion of the crown liq-
uid sheet, while the bounding rim remains fixed, leading to its inward
closing and encapsulating a bubble that remains on the liquid film sur-
face.4 This bubble can burst by the impingement of secondary droplets
that fall on top of the dome or by reaching a critical thickness due to
the drainage of the liquid through the crown sheet walls.

Engel5 related the crater of meteorite impacts with the impact of
a liquid droplet onto a deep pool, and the morphology presented is
similar to the observed for bubble encapsulation even in relatively thin
liquid films (0:2 < hf =D0 < 1) as previously reported.4 Engel5 states
that the impact energy of the impinging drop exceeds a minimum
threshold, which is likely related to splash, and bubble formation
attributed to a surface tension effect since the work of Worthington.1

However, these works focused on the crater dynamics rather than the
crown collapsing at the top and encapsulating a small bubble. Pan
et al.6 and Motzkus et al.7 made a qualitative analysis of the bubble
encapsulation. Pan et al.6 claim that the transition boundary to obtain
bubble encapsulation strongly depends on the dimensionless thickness
of the liquid film (df ¼ hf =D0). From a different perspective, Motzkus
et al.7 focused on the mechanisms of bubble bursting due to a lower
hemispherical thickness of the dome by the rising bubble effect and
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drainage of the liquid at the base. Geppert et al.8 also observed the
phenomenon and confirmed the boundaries for this event for
dimensionless film thicknesses lower than the equivalent of a
deep pool and within a certain range of impact Weber number
(1000 <WeD ¼ qU2

0D0=r < 1400). However, none of these authors
attempts to describe and explain the hydrodynamics of bubble
encapsulation.

As mentioned, for deep pools, the crater dynamics is the main
topic under research concerning the bubble encapsulation event.1,5

However, in the case explored here, bubble entrapment occurs for
droplet impact in thin liquid films and the crater is not spherical, but
rather a half-disk with round edges because of the solid surface. It is
important to emphasize that despite studies on moving liquid films
have become more frequent,9 this study is performed on steady liquid
films. Therefore, in this work, one expects to retrieve insights into the
hydrodynamics of bubble encapsulation by visualizing the phenome-
non from below. Namely, what is the criterion for the onset of this
event? What promotes this phenomenon? Can we relate this phenom-
enon with any existent correlations found in the literature? It is rele-
vant to study this hydrodynamic phenomenon since the creation of
bubble encapsulation needs to be avoided in applications involving
spray painting. However, in applications involving spray cooling and
fuel injection, the enlargement of the atomization process due to bub-
ble bursting can be beneficial.

To answer these questions, this experimental study covers a wide
range of impact conditions and two different visualization planes of
the phenomenon. The overall purpose is to understand the dominant
parameters in the formation and occurrence of bubble encapsulation
to predict it.

II. EXPERIMENTAL TECHNIQUES

The conventional angle for visualizing drop impact dynamics is
90� from the normal to the impact surface, i.e., from the side. This
viewpoint provides relevant information about the phenomena and
the possibility of measuring and analyzing their features, e.g., crown
height, diameter, angle, jet height, and number plus size of the second-
ary droplets. However, the lateral images do not allow a complete
understanding of the phenomena, and other perspectives can also pro-
vide important knowledge.

In this study, one explores the viewpoints of single droplet
impacts on thin liquid films from the side, and from below, with an
experimental facility designed and built to acquire high-speed imaging
of the phenomena. These two perspectives were acquired consecutively
since we only have one high-speed digital camera.

Figure 1 shows a scheme of the experimental facility. The experi-
mental setup consists of four main sections: image acquisition system,
droplet dispensing system, liquid film container, and the illumination of
the impact site. The main element in the image acquisition system is a
high-speed digital camera Photron FASTCAMmini UX50 and a macro
lens Tokina AT-XM100 AF PROD. The camera has 1.3Megapixel res-
olution at frame rates up to 2000 fps (frames per second) and up to
160 000 fps at reduced image resolution, and the lens has a focal length
of 100mm. The majority of the experiments were recorded at 2000 fps,
but there are also some cases recorded at 4000 fps. The length scale reso-
lution can vary between experiments, requiring proper calibration, but
the average result was 34:66 0:2lm=pixel. A medical syringe pump
NE-1000 connected through medical tubes to a straight-tip stainless

steel needle generates droplets at a pumping rate of 0.5ml/min to mini-
mize oscillation on the droplet after its release. It is possible to vary the
impact velocityU0 by changing the droplet falling height.

A topless right-angled perspex container accommodates the liq-
uid film, and its size was calculated to ensure that the walls do not
interfere with the phenomena. Its dimensions are 20� 20 cm2; conse-
quently, the edge length is more than 60 times the maximum droplet
initial diameter D0. The liquid film thickness is produced by volume.
Thus, the fluid volume necessary to have a specific thickness was
inserted inside the container and confirmed using the high-speed digi-
tal camera. Producing such thin liquid films is challenging if the con-
tact angle between the fluid and the surface is considerably high.
However, in this case, the mixture with Jet A-1 and NExBTL shows a
superhygrophilic behavior with the Perspex, which allows producing
liquid films as thin as 100 lm. Ten experiments were performed for
each set of experimental conditions. Due to a preliminary analysis, we
concluded that ten droplets would not change the thickness of the liq-
uid film by more than 1%. Therefore, the liquid film was remade after
each set of 10 experiments. The thickness of the liquid film hf is
defined according to the droplet initial diameter D0 to consider dimen-
sionless film thicknesses df ¼ hf =D0 between 0.1 and 1. Finally, the
illumination of the impact site is vital to improve the quality of the
images. A set of LEDs connected to a power supply was the only light
source in the room. Also, a diffusion glass between the LEDs and the
impact site ensured the uniformization of the backlight source for
visualization purposes.

As shown in Fig. 1, the high-speed camera assumed two different
positions to capture the droplet lateral impacting plane, and under-
neath the glass that supports the perspex container to capture images
from below. Due to the glass transparency, the Perspex, and the liquid
film, the camera captured the shadowgraph images of the drop impact
from below using a light next to the needle working as a backlighting
source.

FIG. 1. Experimental setup: (1) high-speed digital camera, (2) macro lens, (3)
syringe pump, (4) stainless steel needle, (5) liquid film container, (6) computer, (7)
diffusion glass, and (8) and (9) set of LED’s.
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The phenomenon of bubble encapsulation was once again
observed in the previous works4,10,11 focused on the implementation
of biofuels in civil aviation.12 At this time, the legislation allows the use
of fuel mixtures with at least 50% of the volume with conventional jet
fuel.13,14 Therefore, following the previous work,10 the fuel mixtures
used in the present experiments include a conventional jet fuel of
100% Jet A-1, a mixture with 75% of Jet A-1 and 25% of NExBTL
(Neste Renewable Diesel), and a type of HVO (Hydroprocessed
Vegetable Oil). The thermophysical properties of these fluids (density
q, surface tension r, and dynamic viscosity l) were measured and are
presented in Table I.

The droplet’s initial diameter D0 varied by changing the inner
diameter of the dispensing needle (2:6 < D0 < 3:1 mm). The impact
velocity U0 varied by changing the droplet falling height, providing
impact velocities between 3.9 and 4.8m/s. The usual dimensionless
numbers that characterize the impact are the Weber number describ-
ing the ratio between the inertial and surface tension forces,
WeD ¼ qU2

0D0=r, and the Reynolds number as the ratio between the
inertial and viscous forces, ReD ¼ qU0D0=l. In this study, the Weber
numbers varied between 1502 <WeD < 2180 and the Reynolds
numbers between 6263 < ReD < 8358, as shown in Table II, where all
impact conditions that resulted in bubble encapsulation are detailed.
Using this experimental facility and the impact conditions described
above, the phenomenon of bubble encapsulation was observed both

from the side and from below, and the perturbations imposed on the
liquid film by the impact and crown collapse were analyzed.

III. VISUALIZATION AND ANALYSIS

In the first part of this section presenting and analyzing the visu-
alization results, we explain in detail the phenomenology of bubble
encapsulation (Sec. IIIA), show that cavity morphology is not a man-
datory condition for the onset of this event, and provide evidence for
the effect of the dimensionless film thickness on the crown closure
time. Finally, we develop a criterion to predict the onset of this event
following previous approaches for the splashing transition (Sec. III B).

A. Bubble encapsulation phenomenology

Bubble encapsulation is a complex phenomenon resulting from
the closure of the crown upper rim in a splash event. The uprising
sheet walls reach the maximum height in a relatively short timescale
(s ¼ tU0=D0 < 5Þ, but the crown base still has enough radial momen-
tum to grow into a diameter larger than its upper bounding rim.
However, the hydrodynamic reason for keeping the upper rim in a
fixed position can only be the supply of liquid through the vertical
crown liquid sheet. As the rim thickens, surface tension forces lead to
its collapse forming a bubble dome above the cavity, floating on the
liquid film. Figure 2 shows a sequence of the first stages of impact
from a bottom perspective, including illustrations of the lateral per-
spective. The white in the image implies the light is transmitted
through a stagnated liquid film. Once the droplet approaches the film,
and after its impact, the curvature reflects light and produces a
shadow.15 After impact, the fingering structures typical of a prompt
splash are visible, and the thin white circular line sets the beginning of
the kinematic discontinuity forming the uprising crown. The white
spot in the first image results from the convergence of light at the top
hemisphere of the impinging droplet, which works as a focal lens. This
spot enlarges as not only the droplet mixes with the liquid film but

TABLE I. Fluid thermophysical properties.

Substance
q

ðkg=m3Þ
r� 103

ðN=mÞ
l� 103

ðPa sÞ

100% Jet A-1 798.3 25.4 1.12
75% Jet A-1–25% NExBTL 794.9 25.5 1.44

TABLE II. Parameter space.

Substance Weber number WeD Reynolds number ReD Dimensionless film thickness df

100% Jet A-1 1565 8283 0.6, 1.0
1593 8358 0.6, 1.0

75% Jet A-1–25% NExBTL 1502 6747 0.6, 1.0
1503 6526 0.4, 0.6, 1.0
1534 6817 0.6, 1.0
1543 6263 0.4, 0.6
1554 6637 0.4, 0.6, 0.8, 1.0
1575 6327 0.6, 0.8
1584 6345 0.8
1587 6352 1.0
1626 6429 1.0
1650 6956 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0
1700 6943 0.8, 1.0
1711 6594 0.4, 0.6, 0.8, 1.0
1805 7395 0.4, 0.6, 0.8, 1.0
1930 7396 0.4, 0.6, 0.8, 1.0
2180 8127 0.6, 1.0
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also the thin line thickens due to the inner curvature of the splashing
uprising crown. The third image illustrates the complete immersion of
the impinging droplet onto the liquid film forming a disk-shaped cra-
ter, and the shadow is proportional to the size of the perturbed liquid
film forming the base that sustains the crown development.

The crown sheet height keeps increasing and capillary waves
begin forming from the crown liquid sheet at its bottom.16 For high-
impact velocities and a combination of fluid thermophysical properties
and dimensionless film thickness, the crown walls continue to expand
at the base after the crown has reached its maximum height. This
implies the timescale of crown formation is shorter than the timescale
of the expansion of its base. In these conditions, the crown walls tend
to bend inwards, as can be seen in Fig. 3(a) pointed by the arrow on
the bottom perspective, and also in the top left image of Fig. 5. One of
the advantages of this type of visualization is the possibility of deter-
mining the exact time of crown closure, which is difficult and inaccu-
rate to define from the lateral perspective of the impact. Figure 3(b)
shows the exact time when the crown rim merges to form a closed
bubble above the liquid film. It is also possible to identify the shapes of
capillary waves propagating on the bubble liquid sheet. There are also
waves developing from the impact site to the undisturbed liquid film
identified by the difference between black, gray, and white areas since
the light transverse differently depending on if the curvature of the liq-
uid film is concave or convex.

Previous studies5,11 identified three different phenomenologies of
bubble encapsulation. The example shown in Fig. 3 can be considered
phenomenology 1, 2, or 3 since all of them involve the formation of a
downward jet on the crown closure point. This jet is visible in the cen-
ter of Fig. 3(c) by a darker circle with a white circle in the middle
where the light at the top is fully transmitted to the bottom.
Phenomenology 1 only has this downward jet, and phenomenology 2
has the formation of two jets, one upwards and other downwards.
Finally, phenomenology 3 also has these two jets, but the upward jet is
large enough to break and form a large secondary droplet. From the
bottom images, it is not possible to conclude about the upward jet
since it cannot be seen from this perspective. The perturbations
imposed by the capillary waves, and also the fluid draining from the
downward central jet, are visible by the different tones within the
dome diameter since the interaction between light and the liquid films
curvatures (bubble dome, liquid film) leads to the observed shadowy
pattern. Finally, after a long period, these perturbations dissipate and
both the horizontal liquid film and the bubble liquid sheet achieve a
steady state, Fig. 3(d). Foltyn et al.17,18 developed a study on single
droplet impact upon smooth and micro-structured surfaces where
they observed the phenomena from three different perspectives (lat-
eral, bottom, and top). By using the bottom perspective and an air
bubble that is entrapped at the droplet liquid film in the moment of
impact, they used the LPSMmethod (LASER Pattern Shift Method) to
measure the thickness of this liquid film.19 In future works, this
method should be considered in developing a new method to measure
the thickness of the bubble liquid sheet.

Bubble lifetime further depends not only on small local instabil-
ities but also on the impingement of tiny secondary droplets on the
dome. Thus, when the bubble eventually bursts (see Fig. 4, s ¼ 344:4),
it induces several perturbations in the liquid film. Due to the burst of
the bubble liquid sheet, tiny droplets formed with a size scaled by the
thin liquid film of the bubble’s dome impact the liquid and generate
numerous perturbations (see Fig. 4, s ¼ 345:8). The capillary waves
generated by the impact of tiny secondary droplets propagate and
interact with each other creating complex patterns, as visualized in the
frames s ¼ 355:6 and s ¼ 364 of Fig. 4. From the bottom perspective,
it is possible to observe the capillary waves’ behavior and understand
their evolution within and outside the area delimited by the preexisting
bubble dome. In the study of Yu et al.,20 it is also possible to observe
these capillary waves but from a top perspective.

FIG. 2. First stages of the impact seen from the bottom perspective with sche-
matics of the correspondent images from the lateral perspective. Length scale reso-
lution 31:5 lm=pixel.

FIG. 3. Evolution of the perturbations
imposed on the liquid film with bottom
images on top and lateral images below:
(a) crown liquid sheet bending inwards
with the top of the crown pointed by a
gray arrow, (b) crown sheet closure, (c)
capillary waves propagating down the
bubble liquid sheet and to the undisturbed
liquid film, and (d) steady bubble liquid
sheet on a steady liquid film. Length-scale
resolution for the bottom images 31.5 and
37:1 lm=pixel for the lateral images.
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The cavity underneath the bubble has been a topic of extensive
theoretical and experimental research.1,5,6,21,22 However, in this work,
visualization results confirm that bubble encapsulation is independent
of the formation of a hemispherical crater. Instead, the cavity morpho-
logical development seems determined by the thickness of the liquid
film with its own hydrodynamics. For deep pools, the cavity formed is
usually hemispherical.21 However, in the experiments reported here,
the cavity touches the bottom of the container, as shown in Fig. 5. At
first, while the crown sheet ascents, the cavity assumes a cylindrical
shape and touches the bottom of the container. As the crown sheet
wall bends and closes, the cavity becomes round at the sides but still
touches the bottom. This shows that it is not necessary to have a fully
developed cavity or a specific cavity shape to allow the formation of
bubble encapsulation.

One of the benefits of the bottom images concerns the accurate
determination of the crown closure time tclosure. From this perspective,
it is clear when the jets at the top and the bounding rim close to form
the spherical dome. For constant impact conditions at WeD ¼ 1650
and ReD ¼ 6956, solely varying the dimensionless film thickness
between 0:2 < df < 1:0, Fig. 6 shows the crown closure time as a
function of the liquid film dimensionless thickness. At df ¼ 0:5,
the crown closure time suddenly changes its trend, decreasing for
df ¼ 0:6 toward a nearly constant value around 12.5ms. This change
in the event’s timescale is the subject of future research.

B. Onset of bubble encapsulation

Certain impact conditions always result in bubble encapsulation,
meaning a probability of occurrence equal to unity, p¼ 1. However,

there are also cases where p< 1. To calculate the probability of bubble
encapsulation occurrence, 10 experiments were performed. For the
range of impact conditions studied, considering several initial drop
sizes expressed by the Ohnesorge number OhD ¼

ffiffiffiffiffiffiffi

We
p

=Re, which
relates the viscous to the inertial and surface tension forces, and the
dimensionless film thicknesses, Fig. 7 shows how varying the impact
energy (ReD), a band appears associated with the emergence of bubble
encapsulation. It means there are two transition boundaries: (1) a tran-
sition from splash to bubble encapsulation and (2) another transition
returning to splash. Also, there is no evident effect of the liquid film
thickness at the onset of bubble encapsulation.

Bubble encapsulation is a subsequent outcome after a splashing
event triggered by a kinematic discontinuity at the boundary of the
impinging droplet and the liquid film, meaning it depends on a combi-
nation of viscous, inertial, and surface tension forces. Therefore, we
decided to compare these results with correlations available in the lit-
erature for the splashing threshold. In a previous review of spread/
splash transition models, Ribeiro et al.10 noted that the majority of the
empirical correlations for this transition involving a constant coeffi-
cient Kc are in the form of

ReaDWe0:8D ¼ Kc: (1)

After analyzing the predictive value of different empirical correla-
tions with experiments, Ribeiro et al.10 showed the universal character

FIG. 5. Cavity shape during the crown sheet development (top) and during bubble
encapsulation (bottom).

FIG. 4. Bubble bursting and propagation
of capillary waves. Length-scale resolution
31:5 lm=pixel.

FIG. 6. Crown closure time depending on the dimensionless thickness of the liquid
film.
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of the criterion proposed by Vander Wal et al.,23 which provided the
best agreement with experimental data both within and outside its val-
idation domain. The Vander Wal et al.23 correlation is defined as

Re0:272D We0:8D ¼ 756:7: (2)

However, considering the Ohnesorge number relates all three
forces involved in the morphology of bubble encapsulation, rearrang-
ing the correlation to include the Ohnesorge number, OhD
¼

ffiffiffiffiffiffiffiffiffi

WeD
p

=ReD, the general form of Eq. (1) becomes

ReDOh
a
D ¼ Kc: (3)

Considering this, the Vander Wal et al.23 transition boundary
becomes

ReDOh
0:8547
D ¼ 34:5: (4)

Figure 8 compares the Vander Wal et al.23 correlation with our
data (ReD and OhD), considering the events of bubble encapsulation
with different probabilities of occurrence. The black solid line repre-
sents the Vander Wal et al.23 criterion from the transition between
spreading and splashing after the droplet impact onto a liquid film,
which does not depend on the dimensionless thickness of the liquid

film. The white symbols describe the conditions where bubble encap-
sulation occurred for p¼ 1, the red middle-size ones for p¼ 0.8, and
the blue smaller-size ones for 0:5 � p < 0:8. The experimental results
are within a region defined by the bottom (red line) and top (blue line)
boundaries with the corresponding a and Kc values. The bottom
boundary maintains the Vander Wal et al.23 criterion, only changing
the exponent a value, resulting in a transition parallel to the original
correlation on a logarithmic scale. Regarding the top boundary, the
transition was identified but does not follow the same trend, changing
the values of a and Kc as ReDOh

2:2
D ¼ 0:1.

However, the aforementioned analysis based on the Vander Wal
et al.23 correlation does not consider the influence of the liquid film
thickness.

In several studies in the literature,24–26 the material of the crown
sheet formed after the impact of droplets onto liquid films is mainly
composed of liquid from the film instead of the main droplet. This
fact is relevant to our study. Therefore, instead of considering the
Ohnesorge characteristic length as the initial drop diameter (OhD), we
modified the Vander Wal et al.23 transition boundary to consider the
Ohnesorge number characteristic length scale based on the liquid film
thickness hf, Ohf.

Figure 9 shows a clearer region where one can expect the occur-
rence of bubble encapsulation, with two limiting boundaries based on
the Vander Wal et al.23 correlation. These boundaries set the begin-
ning of impact conditions that lead to bubble encapsulation (red line
in Fig. 9) and when this phenomenon ceases to occur (blue line),
meaning bubble encapsulation occurs for 1:022 < a < 1:142. Since Kc

value is constant for all equations, Kc ¼ 34:5, one can develop a crite-
rion for the onset of bubble encapsulation as

kbe ¼ ln ð34:5=ReDÞ= ln ðOhf Þ; 8kbe 2 1:022; 1:142½ �; (5)

valid for ReD 2 ½6263; 8358� and Ohf � 103 2 ½4:776; 9:918�. Other
authors6–8 obtain a bubble encapsulation for experiments outside the
dimensionless film thickness validation range, where the experiments
performed in this work had a probability of occurrence lower than
50% (p< 0.5). Figure 10 includes the validation domain of Eq. (5) and
the values obtained for a outside this domain. The differences between

FIG. 7. Ohnesorge vs Reynolds map based on the initial drop size as length scale
with the conditions resulting in 100%, 80%, and 50%–80% occurrence of bubble
encapsulation.

FIG. 8. Bubble encapsulation events compared with the spreading/splashing transi-
tion boundary of Vander Wal et al.23

FIG. 9. Bubble encapsulation events compared with the spreading/splashing transi-
tion boundary of Vander Wal et al.23 using the thickness of the liquid film hf as the
characteristic length scale in the calculation of the Ohnesorge number, Ohf.
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our values with p< 0.5 and the values of Geppert et al.8 and Motzkus
et al.7 are lower than 2%, but the extension of the validation domain of
the correlation would demandmore experiments.

IV. CONCLUSIONS

Bubble encapsulation is a phenomenon occurring on a single
droplet impact onto a liquid film in specific impact conditions. While
there are criteria for the spread/splashing threshold, there is no crite-
rion for the onset of bubble encapsulation. This work aims to provide
a detailed morphology of the bubble encapsulation event from a
bottom-view perspective and develop a criterion for its onset. Results
evidence a region above the transition to splash threshold with 100%
occurrence. However, there is no clear boundary considering that, in
some cases, the phenomenon is observed with a lower probability of
occurrence. The cavity created by these impacts was observed, and its
shape does not influence the phenomenon since it touches the bottom
of the container due to the small thickness of the liquid film.
Moreover, with a bottom perspective, the capillary waves and pertur-
bations observed were used to measure the crown closure time. Crown
closure time depends on the dimensionless film thickness and shows
an abrupt decrease between df ¼ 0:5 and df ¼ 0:6.

The occurrence of bubble encapsulation corresponds to a region
above the spread/splashing transition. Therefore, based on the crite-
rion proposed by Vander Wal et al.,23 we propose a correlation based
on the Ohnesorge number calculated using the thickness of the
liquid film as the characteristic length scale and the Reynolds
number based on the initial drop diameter as its characteristic scale,
kbe ¼ ln ð34:5=ReDÞ= ln ðOhf Þ with kbe 2 ½1:022; 1:142�, valid for
ReD 2 ½6263; 8358� and Ohf � 103 2 ½4:776; 9:918�. Future work
includes experiments with heated liquid films to assess the validity of
the correlation proposed and extend its validation domain.
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