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ABSTRACT

The capillary wave and initial spreading velocity in the spreading phase of drop impacting on a glass surface
are studied experimentally, while the drop photos are obtained by using a high-speed video camera, which
can catch up to 9000 images per second with an exposure time of 4 ps. A wide range of impact velocities are
studied by varying the fall height, showing different capillary waves. All attention is given to the capillary
wave and initial spreading velocity of drop. A non-linear relation between the wavelength and the impact
velocity is found experimentally. Combined with the minimum spreading radius theory, a linear relation

between the initial spreading velocity and the impact velocity is acquired.
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NOMENCLATURE

an n=1, 2, 3. Constant Vo initial spreading velocity
c wave velocity : ;
Ct friction coefficient V(t) spreading velocity
Do equivalent drop diameter We Weber number
D@ sprea_dlng diameter . v surface tension for the water-air
Ex kinetic energy of capillary wave -

. f interface
R(t) spreading radius
f wave frequency ]
g gravitational constant Wavelength of capillary wave
H fgall _helght of the drop Loster viscosity of water
Hi liquid depth i viscosity of air
Lo horizontal radius of the bubble Praer density of water
Vi impact velocity of the drop . .

Pair air density

1. INTRODUCTION

The phenomenon of drop impacting on a dry
surface has been seen in many industries, such as
aerospace (Farrall et al. 2007), aviation (Jones et al.
2014), agricultural (Bergeron et al. 2000), spray
painting (Mcdonald et al. 2006), printed electronics
with spray coating (Eslamian, 2014; Soltani-
Kordshuli and Eslamian, 2017) and inkjet printing
(Dam, 2004). The impact may result in the drop
rebounding over the solid surface, spreading, even
splashing (YYarin, 2005; Rioboo et al. 2001).Many
parameters have great influence on the outcome of
drop impact, such as drop size, impact velocity
(Visser et al. 2012; Feng, 2017), the viscosity and

surface tension of the liquid (Bergeron et al. 2000),
the roughness (Lee, 2016b) and wettability of the
solid surface (Romdhani et al. 2014; Kai and
Feuillebois 1998; Lee, 2014a), impact angle (Mitra
et al. 2013), environment temperature (Gumulya,
2015) and pressure (Xu et al. 2005, Xu 2007)etc.

1.1 Capillary Waves

After drop impacting on surface, capillary waves
propagate on the surface of the drop from the
bottom to the top of the drop. Due to the short
impact time, there will be a number of short waves
moving along the surface of the drop. These waves
are also called capillary waves.
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Lesser (1981) first proposed that shockwaves will
occur when drops impact the wall. Later, several
scholars (Lesser and Field 1983; Field, 1985; Dear
and Field, 1988; Rioboo, 2002) analyzed the
duration of the shock generation by theoretical
methods. Rouex (2004) explicitly indicated
shockwave in the form of capillary waves propagate
on the surface of the drop from the bottom to the
top of the drop.

Renardy (2003) believed that the wave velocity of
the capillary wave in the drop is equal to the drop
impact velocity and the corresponding capillary
wavelength is obtained. He only analyzes the
surface waves of macroscopic drops. However,
the shockwave should trigger a lamella ejection at
the moment of impact (Lesser and Field, 1983;
Field, 1985; Dear and Field, 1988). The moment
of shockwave detachment calculated for impact
velocities of a few meters per second is only a
few nanoseconds. So the surface waves generated
by shockwaves should be capillary waves with
shorter wavelengths. Renardy (2003) provided a
method for calculating the wavelength of surface
waves. Due to the limitations of experimental
conditions, Renardy (2003) could not obtain
photos close to the capillary waves. In this article,
the capillary waves with shorter wavelengths are
observed by experiments.

1.2 Spreading Velocity

Lee (2016a) proposed an improved energy balance
model for maximum spreading ratio based on a
correct analytical modeling of the time at max
dissipation, and other improvement was based on
the use of the dynamic contact angle at maximum
spreading, instead of quasi-static contact angles, to
describe the dynamic wetting process at low impact
velocity.

A study on the initial spreading velocity for a water
drop impinging on glass and parafilm surfaces was
performed using a fast-speed video camera system
by Hung (2011), and one of the experimental results
fit well with the empirical equation of Roux (2004).
Bouwhuis (2012) revealed there must exist an
impact velocity of the liquid drop in which the size
of this entrained air bubble was maximal.

So when the drop impacts on the surface, the air
between the drop and the wall makes the dent on
the drop bottom side and forms a small bubble in
Fig. 1. This causes the drop to be in contact with the
wall as a closed contact line, but not a single point,
and the contact line has initial spreading velocity.
Since the effect of drop replenishment bubbles is
not considered, Roux (2004) believed that initial
spreading velocities were equal to 4.8 times impact
velocities. In reality, initial spreading velocities
should be less than 4.8 times impact velocities.

The spreading of a liquid drop can be decomposed
into four phases: a kinetic phase, a spreading phase,
a relaxation phase and a wetting phase (Rioboo,
2002; Roux, 2004). In this article, the dynamics of
water drop impacting on a smooth glass surface is
studied in detail. The manual measurement error is
reduced by using spreading diameter measurement
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program and a new method to calculate the initial
spreading velocity of water drop impact is provided
based on the maximum bubble capture theory.

Wall
Gz
Fig. 1. Characterization of air bubble

entrapment.

2. EXPERIMENTAL PART

The experimental set-up is constructed to allow the
impact of single drop onto a smooth glass surface,
to be studied with high temporal and spatial
resolution. Figure 2 shows the experimental set-up.
The main components of the experimental
apparatus are the high-speed camera (IDT Y5,
2336x%1728 pixels), lamp, lifting platform,
computer and syringe pump.

The high-speed digital camera is used to capture the
images of drop impact on the particle. Since the
image resolution varies inversely to the capturing
frame rate, therefore, the frame rate and shutter
speed are optimized to obtain the best possible
image. The typical frame rate and exposure time
used in the experiments are 9000 fps and 4 us. The
camera was placed parallel to the impact surface at
a zero degree angle to the setup. This arrangement
allowed the best view of the liquid—solid interaction
at the interface.

A 20 ml syringe is placed in a syringe pump and
used as the drop delivery system. The stroke length
of the syringe pump is adjusted to allow a single
drop to fall onto the impacting surface. The same
batch of slides is used as the impact plane in the
experiment for reducing the influence of surface
roughness and rapid experiment. Also, in order to
avoid contamination of the glass due to the possible
residue left by previous drops, we replaced the
substrate with a fresh slide after every
measurement.

The impact velocity is adjusted by changing the
height of the drop and the glass surface. In order to
obtain a uniform light source, a soft light paper
should be placed in front of the lamp. The spread
drop diameter from the captured images was
measured by means of a self-developed MATLAB
code.

In the present study experimental data on the
apparent a distilled water drop (D 3.8 mm)
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Fig. 2. Schematic representation of drop impact experimental setup.

spreading on a horizontal surface are presented.
Based on the resolution (960x163 pixels) of the
images, both measurements of the impacting drop
diameter were estimated to be accurate within +3%.
The drop’s initial diameter is the same for all the
experiments whereas the impact velocity ranges
from 0.61 to 4.28 m/s (We=19~958).

The instantaneous impact velocity of a drop
can be estimated by the empirical equation (Kai,
1998) and the empirical friction coefficient Ct of
this paper is 0.866.

vV, = 49 Ayater Do {1—exp(—$f PairH )] (1)
Lt Pair 2puater Do

3. RESULTS AND DISCUSSION

3.1 Characteristics of Capillary Waves

For showing the spreading time dependence at
spreading images in Fig. 3, we report the spreading
images versus time for two impact velocities. The
dependence of drop shape on time with the impact
velocities equal to 0.611m/s and 1.14 m/s are shown
in the images respectively. At the first stage of
impact, the drop and the plate are in contact at a
circle line defining the contact line. When spreading
occurs, the radius of the contact line will gradually
increase with the spreading time until the maximum
spreading radius is met. Meanwhile, the shapes of
water drops often change from spheroid to cap
shape, and then to be disk shape.

As the impact velocities increases, the spread time
of the maximum spreading radius decreases
gradually. The drops are respectively stretched,
compressed and spherical before they impact on
surface, since the drops have a certain oscillation
frequency after breaking away from the needle.

In Fig. 3, it can be observed that there is a capillary
wave near the wall at a certain moment. In Figs. 4
(@), (b) and (c) are drop spread images at a certain
time of three impact velocities, respectively. For
facilitating the observation of the capillary waves in
the drops, the capillary waves at a certain moment
are separately shown in Fig. 4. According to the
analysis in Section 1.1, we consider the capillary
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wave to be the capillary wave generated by the drop
impact shockwave. In the experiment, the drop
diameters of 2.6 mm and 2.0 mm are also tested, but
no capillary waves are observed in the drops, which
may be easier to observe due to the large diameter

drops.

(a) (b)
Fig. 3. Series of drop spreading images for
impact velocity: (a), Vi=0.611m/s and (b), Vi =
1.14m/s.
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0.6 ms 0.61 m/s

1.0 ms 1.14 m/s

(b)

0.25 ms 4.14 m/s

(©
Fig. 4. The capillary waves of the drops at a
certain moment.

In Fig. 3(a), when the drop impacts on the wall at a
low velocity, it appears to have obvious
stratification, which may be caused by the
spreading speed of the drop being too slow,
resulting in the spreading speed of the upper layer
of the drop being greater than the spreading speed
of the lower layer, and then the phenomenon of
layered spreading occurs. In Fig. 4, it can be
observed by enlarging the spreading image that the
higher the impact velocity of the drops, the smaller
the ripples, and the time at which the capillary
waves appear first increases and then becomes
shorter.

3.1.1 Wavelength

During the experiment, the exposure time is small
enough to ensure that the waveforms do not
overlap. The angle between the impact surface and
the camera is O degrees, which can show a clear
waveform. An image of the first occurrence of
capillary waves in a set of spread images is selected
to measure the wavelength.

Durst (2008) believes that the kinetic energy of
capillary waves is proportional to the square of the
wave velocity.

2
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Literatures (Yih, 1969; Currie, 2002; Durst, 2008)
all consider the wave velocity and wavelength of
capillary waves present a certain relationship.

©)

Therefore, kinetic energy is negatively correlated
with wavelength.

Ek CXZ]./ﬂ

¢? =277/ (Bwater )

4)

As shown in Egs. (2) — (4), the energy is gradually
dissipated during capillary waves progress from the
bottom to the top of the drop, so that the wavelength
of the capillary waves becomes longer. And to
avoid the interference of the foot thickness on the
wavelength measurement, the wavelength close to
the wall but above the foot thickness should be
selected.

In Fig. 5, with the impact velocity increases, the
wavelength gradually decreases and tends to a
certain value. The wavelength is much smaller than
the drop diameter. When the impact velocity is
higher than 1.14 m/s, the drop spreads into a cap
shape, and capillary waves can be observed. The
experimental results show that the maximum
wavelength is 0.127 mm at 0.61 m/s and the
minimum wavelength is 0.080 mm at 4.14 m/s.

0.14
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gou
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Fig. 5. Wavelengths versus the different impact
velocities.

There is a limit at a certain speed due to the
resistance of the drop. Therefore there is a
minimum wavelength and it should be less than
0.082 mm. The reason will be given in section 3.1.3.
When the impact velocity is 0.61- 4.28 m/s, the
wavelength of the capillary wave is less than 0.13
mm. The wavelengths are much smaller than the
wavelength of the gravity wave. The size of each
pixel in the picture taken by the high-speed camera
is 0.027mm*0.027mm. To reduce the measurement
error of the wavelength, the picture is magnified 3
times by MATLAB software and the size of each
pixel is 0.009mm*0.009mm. Therefore, the
measurement error of the wavelength is in the range
of 7.2% to 11.1%.

3.1.2 Wave Velocity and Wave Frequency

In Eg. (3), the wave velocity is significantly
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affected by the surface tension. When HyZ is
greater than 10, it is a deep water wave. Since the
diameter of the droplet is 3.799 mm and the range of
Do/A is 29.9 ~ 47.9, the wave velocity can be
calculated by Eg. (3). For waves with small
wavelengths, the capillary effects dominate (Currie,
2002), and the influence of gravity can be ignored
at this time.

The capillary wave is generated instantaneously by
the drop impacting on the wall. It is measured from
Fig. 4 that the wavelengths of two adjacent waves
are the same, so the capillary wave should be a
monochromatic wave. Therefore, the wave
frequency can be expressed by the wave velocity
and the wavelength.

f =c/A (5)

The wave velocity of the capillary wave at the
corresponding wavelength can be obtained by Eqg.
(3). Figure 6 shows the relationship between wave
velocity and wave frequency with impact velocity.
Both the wave velocity and the wave frequency
increase as the impact velocity increases. When the
impact velocity is 0.61 m/s, the minimum wave
velocity is 1.90 m/s, and when the impact velocity
is 4.14 m/s, the maximum wave velocity is 2.40 m/s.
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Fig. 6. Wave Velocities and Wave Frequencies
versus the different impact velocities.

When the impact velocity is between 0.16 and 4.28
m/s, the wave frequency of the capillary wave is
greater than 14.957 kHZ. From this, it can be
inferred that the action between the drop and the
wall surface in the initial stage of the drop
impacting on the wall surface is so intense that the
capillary waves are high-frequency waves.

3.1.3 Critical Impact Velocity

Figure 7 shows the relationship between the ratio of
wave velocity and the corresponding impact
velocity as a function of the impact velocity, which
can be described by Power function or allometric
function.

c

=201V, 0% (6)

I
Renardy (2003) proposed a range of velocities for
which the capillary waves occur in Eq. (7).
According to Eq. (7), when the drop diameter is 3.8
mm, the impact velocity should be less than 1.4 m/s,
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but when the impact velocity is greater than 1.4 m/s,
we also observed capillary waves.
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Fig.7. Ratio of wave velocity to the
corresponding impact velocity versus the
different impact velocities.

The range of impact velocity which the capillary
wave may be observed is given in Fig. 7. At low-
speed impacts, the wave velocity of the capillary
wave is much larger than the impact velocity, and
easily to observe the capillary wave at spreading
images. It can be found by Eq. (6) that when c/Vi =
1, Vi = 2.21m/s. When the impact velocity reaches a
critical value (Vi = 2.21m/s), the wave velocity of
the capillary wave is equal to the impact velocity,
and the capillary wave can be observed at the initial
moment of the drop impact. The greater the impact
velocity, the less likely the capillary wave is
observed. When the impact velocity reaches a
certain extreme value, the impact velocity is much
higher than the wave propagation velocity.
Although the impact produces capillary waves, the
images with capillary waves cannot be captured
with a high-speed camera. The extreme value is
defined as the maximum impact velocity at which
the capillary wave appears.

3.2 Initial Spreading Velocity

Figure 8 reports the relation of spreading radius
versus expanding time during the spreading
diameters reach the maximum. As the drop spread
asymmetrically, the spreading radius is used to
describe the process of drop spreading. The
spreading radius will typically grow quite quickly,
then grow slowly and finally reach maximum
values. It tends to take longer for low-speed drops
to reach maximum expanding.

According to Section 1.2, there is an initial
spreading speed when the spreading radius of the
drop is equal to the radius of the bubble. Hicks
(2012) gave empirical formulas for bubble radius
and impact velocity through experimental and
theoretical methods, as shown in Eq. (8), which was
then experimentally verified by Liu (2012).
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Table 1 Minimum spreading radius, Minimum spreading radius and Initial Spreading Velocity in
different impact velocities

as the arithmetic mean value. There should be a

Vi (m/s) Lo (mm) a1 az as Vo(m/s) Vo/Vi
0.61 0.286 1.16 1.52 0.710 2.71 4.43
1.14 0.232 2.12 2.21 0.543 5.20 4.55
2.18 0.187 3.53 2.95 0.418 9.17 4.21
2.52 0.178 4.37 2.86 0.351 12.38 4.91
2.76 0.173 4.33 3.45 0.405 11.52 4.18
3.76 0.156 5.51 3.49 0.369 16.17 4.30
4.14 0.151 5.73 3.83 0.279 16.41 3.96
4.28 0.150 6.08 3.80 0.304 18.11 4.23
12 whose relative deviation absolute values are less
O 06lm/s O 1.14m/s than 5% is taken. Therefore, excluding the
10k vo218mis & 2.52mis condition of the impact velocities of 2.52 m/s and
q 276mis > 3.76m/s 4.14 m/s, the remaining speed ratios are calculated
% 4l4mis O 4.28mls

[oc]

(2]

R(t) (mm)

T (ms)
Fig. 8. Evolution with time of average spreading
radius.
1/3 2/3
Lo _3'8{4%er (&j 8)
AwaterV i 2

The bubble radius is related to the viscosity of the
gas, the density of the drop, the impact velocity, and
the initial diameter. The bubble radius decreases
gradually with the rise of the impact velocity.

To accurately describe the initial stage of drop
spreading, the curve fitting can be performed on the
first 20 data points of each working condition in
Fig. 8.

R(t) =g, +ayIn(t +ag) (9)
Differential coefficient for the spreading radius
versus time is equal to the spreading speed.

V(t)=R'(t)=%

- (10

The bubble radius calculated by Eq. (8) is taken into
Eqg. (9) to find the initial spreading time to, and then
the initial spreading speed is obtained by Eq. (10).

The initial spreading velocity can be obtained
according to Egs. (8 - 10), then the ratio of the
initial spreading velocity to the corresponding
impact velocity is obtained. Table 1 shows the
initial spreading velocity of drop in different impact
velocities.

To reduce the deviation and acquire an accurate
speed ratio, the arithmetic mean of the speed ratios
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specific functional relationship between the initial
spreading velocity and the corresponding impact
velocity, which is shown Eq. (11).

Vo =4.3V; (11)
Since the effect of drop replenishment bubbles has
not been considered by Roux (2004) and Hung
(2011), this paper combines the initial spreading
velocity with the minimum spreading radius theory
for the first time. The initial spreading velocity of
water drop on the glass surface should be 4.3 times
the impact velocity, which is less than 4.8 times
from Roux (2004) and Hung (2011).

4. CONCLUSIONS

The capillary wave of a drop of water impacting a
glass surface for various velocities of impact was
experimentally studied. A detailed description of
capillary wave during the spreading event is given.

Three important characteristic parameters of
capillary waves are studied, which are wavelength,
wave velocity and wave frequency. The wavelength
is directly obtained by numerical image processing
of the experimental photograph, and it is found that
the wavelengths of the capillary waves generated by
the impact are less than or equal to the
submillimeter wave.

The wave velocity and the wave frequency of the
capillary wave increase with the impact velocity.
There is a critical point that the wave velocity is
equal to the impact velocity, and then as the impact
velocity increases, the capillary wave disappears in
the spread image when the impact velocity reaches
a maximum value.

The fluctuation energy equation and potential
energy equation of surface wave were given by Yih
(1969) and Durst (2008). However, the fluctuation
energy equations of both have a slight difference.
Since the amplitude of the capillary wave cannot be
measured, the energy of the capillary wave cannot
be calculated.

The spreading process of drop at room temperature
on smooth glass surface is experimentally
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investigated. The program based on Matlab
software can be used to quickly handle and analyze
the spreading radii of drop. The initial spreading
velocity of water drop on the glass surface should
be 4.3 times the impact velocity, which is less than
4.8 times.
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