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ABSTRACT

Experiments of a single droplet oblique impact on a thin liquid film are carried out. In the
experiments, the impact angle is adjusted by varying a horizontal airflow, and three typical ini-
tial droplet shapes of the sphere, horizontal spheroid, and vertical spheroid are selected. Effects of
impact angle, initial droplet shape, and film thickness on the impact outcomes are mainly studied.
Results show that the liquid crown seems to be a beveled round tube in the case of sphere drop-
let impact. In contrast, it seems to be a ship in the case of vertical spheroid droplet impact, and
the liquid crown is less asymmetry for the horizontal spheroid droplet impact. When the Weber
number exceeds the critical value, secondary droplets will detach from the rim of the liquid jets.
The number and size of the secondary droplets are associated with the impact droplet shapes.
For the sphere droplet impact case, the crown radius and the crown height on the front side of the
advancing droplet (right side) increase with the impact angle. With an increase in the film thickness,
the right crown radius decreases, while the right crown height first increases and then decreases.
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1. Introduction

The dynamics of droplet impact on a liquid surface is
an interesting phenomenon, especially the temporal evo-
lution of the crown lamella and the splashing. It widely
exists in nature and industrial applications, such as rain-
drops impact on the ground or the crop leaves, automized
oil injection in combustion chambers, ink droplets adher-
ing to the target substrate in inkjet printing equipment,
low-temperature droplets impact on the heat exchange
tube of the falling film evaporator equipped in desalination
and refrigeration fields, fire extinguish and spray cooling
[1-4]. During these fields, the droplet generally impacts the
liquid surface from various angles, like the wind-driven
raindrop impact and spray droplet impact. Therefore,
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the research on the dynamics of oblique droplet impact is
significantly important. For the oblique impact case, the
droplet will deform in the air due to the gravity, drag force,
and even the wind force [5,6]. However, few experiments
have been conducted to investigate the dynamic charac-
teristics of oblique droplet impact on a liquid film. Before
proceeding with this work, the previous relevant research
that inspires the present investigation is reviewed first.

For the normal impact of a droplet on a stationary lig-
uid surface, three typical outcomes usually occur, includ-
ing deposition, crown formation without splashing, and
crown formation with splashing [7,8]. The impact outcome
mainly depends on the impact velocity (v), droplet diame-
ter (d), and dimensionless film thickness (h* = h/d), where
h is the film thickness. According to the article reviewed

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.



36 M. Bao et al. / Desalination and Water Treatment 270 (2022) 3543

by Liang and Mudawar [9], the impact target is generally
classified as a thin film, liquid film, shallow pool, and deep
pool, and the classification criteria are different in previous
research. In particular, the thin liquid film is restricted to
h* <1, as reported by Cossali et al. [10] and Motzkus et al.
[11] After the droplet impacts the liquid film, a thin liquid
sheet ejects from the neck region between the droplet and
the liquid film, and then grows into a liquid crown [12,13].
Jets form at the rim of the liquid crown and may break up
into secondary droplets due to the Rayleigh—Taylor insta-
bility [14,15]. Moreover, capillary waves form around the
impact region [16,17].

Research on crown evolution mainly focuses on the
measurements of the crown diameter and crown height
[18,19]. Weber number (We) and Reynolds number (Re) are
the main dimensionless parameters that govern splashing,
which can be expressed as follows:

2
We = P90 Q)
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Re = P @)
u

where 0 is the liquid density, o is the surface tension coef-
ficient, and p is the liquid viscosity. A constant parame-
ter K associated with the We and Re is generally adopted
as the splashing threshold [20]. Li et al. [21] measured the
number and the size of the secondary droplets using a
high-speed camera and a developed particle tracking algo-
rithm. They found that the number of the secondary drop-
lets and the peak of the diameter distribution increase with
the Weber number, and the film thickness has little effect
on the number of the secondary droplets.

Compared to the investigation of normal impact men-
tioned above, the oblique impact of a droplet on a thin
liquid film has received little attention in recent years. Also,
an obvious difference in the oblique impact is that the flow
features are asymmetrical. Leneweit et al. [22] experimen-
tally studied the oblique impact of a single droplet on a lig-
uid pool with We ranging from 15 to 249 and impact angle
(0) ranging from 5.4° to 64.4°. The 0 is defined as the angle
between the velocity vector of the droplet and the normal
vector to the liquid film. The normal component of Weber
number (We, ) is adopted to classify the morphological evo-
lution. Formation of the capillary wave, lamella, and par-
tial immersion are reported and discussed deeply. Okawa
et al. [5] investigated the effect of impact angle and film
thickness on the deposition-splashing limit. Measurement
of the total mass of secondary droplets was reported, and
results indicated that the total mass of the secondary drop-
lets remarkably increases with the impact angle when
0 < 50°. Concerning the oblique impact of a small droplet
with a diameter of 100 um on a deep liquid pool, Gielen
et al. [23] conducted the experimental study to quantify
the cavity and the splashing threshold. Three different
impact regimes of deposition, single-sided splashing, and
omni-directional splashing, are identified by accounting
for the impact angle and the Weber number. By adding a
wind field, Liu [6] experimentally investigated the oblique
impact of a droplet on a deep-water pool, in which the wind

speed could be adjusted to vary the impact angle and the
impact velocity. The results recorded the formation of the
asymmetrical crown on the leeward of the impact region,
the swelled wave on the windward side, and the evolution
of the ligaments. The effects of the droplet diameter and
wind speed on the evolution of the cavity and the central jet
were measured in Liu’s new work [24]. In this new study,
they found that the effect of wind on the penetration depth
of the cavity is very small at the initial stage of the cavity
expansion, while the maximum central jet height is drasti-
cally associated with the wind. According to the references
[6,24], it should be noted that the impact of a droplet on a
liquid surface in the presence of wind is the same as the
oblique droplet impact.

In the last two decades, many scholars have done
exploratory work on the microscopic features of oblique
droplet impact in the aspect of numerical simulation,
benefiting from the fast growth of computer technol-
ogy. Cheng and Lou [25] applied the Lattice Boltzmann
method (LBM) to demonstrate the differences between
the splashing behavior of the oblique droplet impact on
a moving wall and a stationary wall. Using the moment-
of-fluid (MOF) method, Guo and Lian [26] investigated
the effect of impact angle on high-speed drop oblique
impact and found that the increasing tangential velocity
leads to a reduction in lamella height and radius on the
side behind the advancing drop. Guo et al. [27] and Wang
et al. [28] employed the coupled level set and volume
of fluid (CLSVOF) method to simulate droplet oblique
impact. According to their results, the crown radiuses
on both sides of the advancing droplet show an opposite
variation tendency as the impact angle increases. Chen
et al. [29] numerically studied the splashing dynamics of
the oblique drop impact on the thin film by utilizing the lat-
tice Boltzmann flux solver associated with the diffuse inter-
face method. Bao et al. [30] simulated the interface evolution
characteristics of dual droplets successive oblique impact
on a thin liquid film and found some interesting interface
features during the collision and coalescence of crowns.

From the above reviews on oblique droplet impact,
we noted that the most impact target is the liquid pool,
and few studies concern the effect of droplet shapes.
Moreover, few experiments of oblique droplet impact have
been conducted to quantify the crown evolution. Since
the deformation of impact droplets widely exists in nature
and industry, like the cases of the wind-driven raindrop
impact and the spray droplet impact, a study of different
shape droplet impact is necessary. In this study, outcomes
after the oblique impact of a single droplet with three dif-
ferent shapes on a thin liquid film are presented experi-
mentally. In addition, the effects of impact angle and film
thickness on the crown evolution are quantified.

2. Experimental apparatus and measurement method

The schematic of the experimental apparatus with two
view directions is shown in Fig. 1. The main components
include a droplet generator with a syringe and a needle to
produce droplets under the control of pressure, a horizontal
airflow produced by a fan and uniformed by a flow equal-
izing plate, a water tank with an inside test platform to
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produce a thin liquid film, a high-speed camera with a back-
light to record the impact outcomes, a light diffuser, and a
data acquisition computer.

A single droplet can be formed at the flat-tipped nee-
dle by imposing the liquid in the syringe under the control
of a Kruss DSA 30 system. The droplet will detach when
its gravity exceeds the surface tension force and then falls
freely. The normal component velocity of the droplet can
be adjusted by varying the height of the needle. The air-
flow away from the liquid film surface adds a horizontal
velocity to the falling droplet. Thus, the droplet will impact
the liquid film obliquely. The liquid film is prepared by
depositing liquid in the water tank to ensure that the liquid
film on the test platform is flat and thin. The film thick-
ness is varied by changing the liquid volume. It should
be emphasized that the surface size of the test platform
(30 mm x 40 mm) is large enough in the present study that
the impact outcomes are not disturbed by the liquid around
the test platform. The materials of the droplet and liquid
film are water. The experiment is carried out at room tem-
perature. The physical parameters of the liquid and sur-
rounding gas at room temperature are shown in Table 1.
The impact outcomes are recorded by a high-speed cam-
era (Phantom v641) at 2500 frames/s, equipped with a
100 mm, f-2.8 Tokina macro lens. For a better view of the
overall crown outline, the camera is aligned to the impact
surface and inclined at an angle of 35° to the horizontal
plane. Each image has a resolution of 1,280 x 720. A xenon
lamp with a diffuser in front is used as the backlight to
expose the images. The light diffuser is placed between the
xenon lamp and the liquid film to uniform the backlight.

In this study, all measurements obtained from the
acquired images are calculated by pixel analysis, which is
performed by using the commercial software LabVIEW,
and calibration is performed by comparing a reference of
known size. Image distortion caused by the shooting angle
will be corrected. Fig. 2 shows the geometric model of three
typical droplet shapes. Droplet equivalent diameter (d) is
calculated using its horizontal diameter (d,) and vertical
diameter (d,) [31], which can be expressed as

d=(d’d, )% 3)

The equivalent diameter in the case without airflow is
about 3 mm, with an error of 0.03 mm. The v and 6 can be
adjusted by varying the horizontal airflow and the height
of the needle and calculated from the droplet positions
recorded in the two images at a time interval of 0.5 ms
prior to the impact. Due to the gravity, wind power, and
drag force, the droplet will rotate and deform in the wind
field, resulting in the measurement errors of v and 0 up to
3% and 2°, respectively. The test surface is titanium with
an average surface roughness of less than 0.05 pm.

The initial impact time is defined as ¢+ = 0 ms when
the droplet just contacts the liquid film. Since the droplet
will rotate and deform in the wind field, three typical ini-
tial droplet shapes of the sphere, horizontal spheroid, and
vertical spheroid, will be mainly discussed, as the geo-
metric model shown in Fig. 2. The three typical droplets
are defined by the ratio of d, to d, referred to as s-droplet,

Syringe
let 1
o equalving e roplet generator
N Airflow .
—_— Water droplet
—_— O Uy
— 5::
Test platform Yo ¥ v I
., X
Fan -
I | | Water tankI
(@
%{enon lamp High-speed
J
camera
Diffuser (@)
y
I Liquid film z <_T I
I J [ Water tank I
(b)

Fig. 1. Schematic of the experimental apparatus with two
view directions: (a) front view and (b) side view.

hs-droplet, and vs-droplet, respectively, corresponding to
09<d/d <1.1,d/d >12,andd,/d <0.8.

The experiments were repeated three times for each
experimental condition. According to the Laiyite criterion
(30 criterion), the abnormal data are detected and eliminated
correctly prior to the analysis. When the experimental values
measured are x,, x,, ... and x,, the average value (%), residual
(¢,), and standard deviation (s(x,)) can be expressed as:

_ 1 n

X=—>»)x 4
HZ‘ 4)

g =x—X (@)
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where n is the total number of the experimental values
measured in each experiment, and i is the serial number
of the experimental values measured. If the absolute value
of the residue of an experimental value satisfies le | > 3
s(x), this value is the outlier and should be removed.
The average value of the three experiments was calcu-
lated as the final experimental result.

3. Results and discussion

In this section, we first quantitatively investigate the
effects of initial droplet shape on the crown and splashing
evolution. Then we present the time evolution of the crown
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s-droplet

hs-droplet

vs-droplet

Fig. 2. Geometric model of three typical droplet shapes.

lamella in the case of the s-droplet impact, considering
the effects of the impact angle and the film thickness.

3.1. Outcomes after impact

The outcomes of three typical droplets of the sphere,
vertical spheroid, and horizontal spheroid impact on
liquid film are shown in Fig. 3, where the dimension-
less film thickness is 0.33. It can be seen that the droplet
shortly merges with the liquid film after impact, during
which the impacting droplet squeezes the liquid film to
form a liquid crown, as shown at t = 2 ms. The crown then
extends outside as time increases. Fig. 3 also shows that
the impact outcomes have a strong dependence on the
initial droplet shape.

For the s-droplet impact, due to the horizontal com-
ponent velocity, the crown lamella on the front side of
the advancing droplet (right side) increases more quickly
than that on the behind side of the advancing droplet (left
side), resulting in an asymmetrical crown feature along the
airflow direction. As shown at t = 2 and 4 ms, the liquid
crown seems to be a beveled round tube. At t =2 ms, as the
right crown lamella grows so fast that the upper edge of
the crown lamella appears to be unstable, and some small
jets emerge. The crown jets at the right side enlarge with
time, but no secondary droplets appear. It can be noticed
that the crown edge on the left side is almost smooth until it
absolutely merges into the film at t = 10 ms. The left crown
height increases till { = 4 ms and then begins to decrease.
As the left crown lamella falls back to the liquid film,
the liquid film near the outside of the left crown will be
squeezed, and thus capillary waves appear on the left side,
as shown at t = 8 ms. The capillary waves spread out with
time, and they become more obvious when the left crown
merges with the liquid film at ¢ = 10 ms.

For the vs-droplet impact, as shown in Fig. 3b, a ship-like
crown forms shortly after impact at ¢ =2 ms. When the lower

Table 1
Physical properties of liquid and surrounding gas

part of the vs-droplet begins to contact the liquid film, the
remaining part keeps moving to the right because of the iner-
tia force, resulting in a ship-like crown with a cuspate prow.
Different from the s-droplet impact, no jets emerge, and the
upper edge of the whole crown lamella is almost smooth
during the vs-droplet impact. The crown height on the left
side increases first, then decreases, and even almost entirely
merges into the liquid film at f = 10 ms, which is similar to
the process in the above s-droplet impact case. However, the
prow of the ship-like crown (crown lamella on the right side)
has been enlarging in the time range of this study. Capillary
waves can be clearly observed on the left side at ¢ = 10 ms.

For the hs-droplet impact, as shown in Fig. 3c, the
effect of airflow on the impacting droplet is smaller due to
a smaller windward area. Therefore, the crown dynamics
are less asymmetry along the airflow direction compared to
the above two cases. Several small jets emerge on the upper
edge of the crown lamella at t = 2 ms, then enlarge with time
and even merge together. As marked in Fig. 3c, the adja-
cent jets of 1 and 2(t = 4 ms) merge into a new large jet of
3(t = 8 ms). In contrast, the portion of the crown lamella on
the left side is smooth without ejecting jets.

Fig. 4 shows the outcomes of three typical droplets
impacting a thin liquid film, where the film thickness and
the horizontal component velocity of the droplet are the
same as the cases shown in Fig. 3, but the normal compo-
nent velocity of the droplet is larger, which means that the
droplets in the following cases have a larger Weber num-
ber and a smaller impact angle. Compared to the cases
shown in Fig. 3, an obvious difference shown in Fig. 4 is
the detachment of the secondary droplets. As shown in
Fig. 4, the number and size of the secondary droplets
are associated with the droplet shapes. For the s-droplet
impact, shown in Fig. 4a at t = 2 ms, small jets emerge at
the upper edge of the right crown lamella because of the
instability. Those small jets enlarge with time and break
up to produce several secondary droplets at ¢ = 10 ms with
dimensionless diameters (d* = d/d) up to 0.38, where d_
is the diameter of the secondary droplet, while as men-
tioned above in Fig. 3a, the Weber number is too small to
separate the secondary droplets, and no secondary drop-
lets appear. At t = 10 ms, crown lamella has totally merged
into the liquid film with capillary waves around it. For the
vs-droplet, shown in Fig. 4b, the height of the middle part
of the crown lamella is less than that of the left and right
parts at t = 4ms, and the middle part of the crown lamella
first merges with the liquid film at t = 6 ms, followed by
the crown lamella on the left side at ¢+ = 10ms, obviously
different to the vs-droplet impact case shown in Fig. 3b. As

Liquid Surrounding gas
Material Water Air
Density p (kg/m?®) 998.2 1.225
Dynamic viscosity p (Pa-s) 1.003 x 107 1.789 x 10
Pressure P (Pa) - 101,325
Liquid-gas surface tension coefficient o (N/m) 0.0728
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3 mm
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(©)

Fig. 3. Typical time series of oblique droplet impact on a thin liquid film: (a) s-droplet impact case (d,/d, = 1.02, We = 243, 0 = 20.2°),
(b) vs-droplet impact case (d,/d = 0.65, We = 249, 0 = 21.1°), and (c) hs-droplet impact case (d,/d, = 2.3, We =238, 6 =19.3°).

marked in Fig. 4b at t = 10 ms, a single secondary droplet
with a dimensionless diameter of 0.44 detaches from the
rim of the prow. For the hs-droplet, the evolution process
is basically similar to that shown in Fig. 3c. As marked in
Fig. 4c, two pairs of adjacent jets (1, 2, and 1’, 2') emerge
on the upper edge of the crown lamella at t = 2 ms. These
jets enlarge with time and finally merges into two large
new jets at f = 6 ms, marked as 3 and 3', respectively. As

shown at t = 10 ms, two secondary droplets with a diame-
ter of 0.43 and 0.51 break away from the merged jets.

3.2. Effect of impact angle

In order to quantify the impact outcomes, the right
crown radius (R) and right crown height (H)) are adopted
as the parameters. The definition of these parameters are
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Fig. 4. Typical time series of oblique droplet impact on a thin liquid film: (a) s-droplet impact case (d,/d, = 1.1, We = 356, 0 = 12.3°),
(b) vs-droplet impact case (d,/d = 0.5, We =342, 0 = 11.9°), and (c) hs-droplet impact case (d,/d, = 1.7, We = 350, 0 = 12.1°).
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Fig. 6. Time evolution of (a) the right crown radius and (b) right crown height at different impact angles.

shown in Fig. 5, the corresponding dimensionless parame-
ters of which can be expressed as

. R
R ==r 7
P = @)
. H

H' =—* 8
= ®

The measurement of the left crown lamella is neglected
in this work because of its minor change. For each condi-
tion, the average of data measured three times is used to
guarantee precision. In the following sections, the droplets
will detach from the needle at the same height to obtain
the same normal component velocity. In addition, only the
initial impact droplets with a sphere shape are adopted.
The relative error of the impact angle for each group is
less than 5%, the film thickness is less than 1%, and d,/d_is
less than 5%.

Fig. 6 shows the time evolution of the right crown
lamella at different impact angles.After the droplet impact,
part of the energy from the droplet will be used for the
spread of the liquid crown, and the other part will be

converted into the gravity potential energy of the crown
to make the crown lamella grow upward. However, when
the impact energy is not enough to maintain the rise of the
crown lamella, the lamella will fall back to the liquid film
because of gravity. Therefore, as shown in Fig. 6, it can
be found that the right crown radius increases with time,
while the right crown height first increases to a maximum
value and then decreases. The increase of impact angle
can lead to the rise of horizontal component velocity and
kinetic energy, so the right crown radius and the right
crown height increase with the impact angle. In Fig. 6b,
the case at © = 0° first reaches its maximum dimensionless
crown height of 1 at t = 4.5 ms, followed by the case at 10°
with a maximum value of 1.17 at t = 5.5 ms, and finally the
case at 20° with a maximum value of 1.8 at t =6.5 ms.

3.3. Effect of film thickness

Fig. 7 demonstrates the effect of film thickness on the
right crown lamella. As shown in Fig. 7a, the right crown
radius decreases with the increase of the film thickness. This
is because the resistance to the spreading crown lamella
will increase with a thicker liquid film. It also can be noted
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Fig. 7. Time evolution of (a) the right crown radius and (b) right crown height at different film thicknesses.

that the discrepancies between curves corresponding to
different film thicknesses are lessened as the film thick-
ness increases. Taking f = 4 ms as an example, when the
film thickness increases from 0.17 to 0.33, the right crown
radius decreases about 20.3 %, while it decreases about
11.8% as the film thickness increases from 0.33 to 0.5.

As shown in Fig. 7b, the right crown height increases
when the 1* increases from 0.17 to 0.33. However, it begins
to decrease as the h* increases from 0.33 to 0.5, and the
height for 1* = 0.5 is even lower than that for #* = 0.17
before 6.5 ms. As the h* increases from 0.33 to 0.5, part of
the impact energy will be transferred to the deeper position
in the liquid film. The impact energy for different cases is
the same. Therefore, the energy used to support the growth
of the crown lamella will be less, leading to the decrease of
the right crown height when the h* increases from 0.33 to
0.5. Although a thinner liquid film means lower resistance,
the liquid film is so thin that less liquid can be supplied to
maintain the growth of the crown lamella upward when the
h* decreases from 0.33 to 0.17. Therefore, the right crown
height is lower at h* = 0.17 compared to that at #* = 0.33.
According to the variation trend that right crown height
first increases with the increase of h* from 0.17 to 0.33 and
then decreases from 0.33 to 0.5, we can indicate that there
exists a critical value of h* between 0.17 and 0.5. A similar
conclusion can be noticed in the present numerical research
[32]. From Fig. 7b, a meeting point (h*, = 1.37 at t = 6.5 ms)
can be noticed between the curves of h* = 0.17 and h* = 0.5.
Before the meeting point, the right crown height is larger at
h* = 0.17 than that at #* = 0.5. However, after the meeting
point, the right crown height at #* = 0.17 turns lower than
that at i* = 0.5. It is because that the right crown height
at h* = 0.17 increases faster than that at h* = 0.5 before it
reaches the maximum value due to the less film resistance,
while the growth of the right crown lamella is also limited
by the thinner liquid film at /* = 0.17 for the lack of enough
liquid and the right crown height begins to decreases
earlier than that at #* = 0.5. Then, a meeting point appears.

4. Conclusions

In this study, outcomes of three typical droplets of the
sphere, vertical spheroid, and horizontal spheroid obliquely
impact on a thin liquid film are visualized using a high-
speed camera. A series of experiments are performed with
varying initial droplet shape, impact angle, Weber number,
and film thickness. For the sphere droplet impact case, mea-
surements of the crown height and radius on the front side
of the advancing droplet (right side) are conducted. The brief
conclusions are as follows:

® The liquid crown seems to be a beveled round tube in
the case of sphere droplet impact, while it seems to be a
ship with a cuspate prow in the case of vertical spheroid
droplet impact, and the liquid crown is less asymmetry
for the horizontal spheroid droplet impact.

e With a smaller Weber number and a larger impact
angle, the crown lamella on the behind side of the
advancing droplet (left side) first merges with the lig-
uid film regardless of the droplet shape. However, with
a larger Weber number and a smaller impact angle,
the middle part of the crown lamella first merges with
the liquid film in the case of vertical spheroid droplet
impact.

e When the Weber number exceeds the critical value,
secondary droplets detach from the rim of the jets. The
number and size of secondary droplets are related to the
impact droplet shapes.

® The right crown radius and right crown height increase
with the impact angle, and a larger impact angle leads to
a larger maximum right crown height.

® The right crown radius decreases with the increase of
the film thickness, while the right crown height increases
when the dimensionless film thickness increases
from 0.17 to 0.33, and then it begins to decrease as
the dimensionless film thickness increases from 0.33
to 0.5.
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