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Abstract: Droplet impacts on solid surfaces produce a wide
variety of phenomena such as spreading, splashing, jetting,
receding, and rebounding. In microholed surfaces, downward
Jjets through the hole can be caused by the high impact inertia
during the spreading phase of the droplet over the substrate as
well as the cavity collapse during recoil phase of the droplet. We
investigate the dynamics of the jet formed through the single hole
during the impacting phase of the droplet on a micro-holed
hydrophilic substrate. The sub-millimeter circular holes are
created on the 0.2 mm-thickness hydrophilic plastic films using a
0.5 mm punch. Great care has been taken to ensure that the
millimeter-sized droplets of water dispensed by a syringe pump
through a micropipette tip can impact directly over the micro-
holes. A high-speed video photography camera is employed to
capture the full event of impacting and jetting. A MATLAB code
has been developed to process the captured videos for data
analysis. We study the effect of impact velocity on the jet
formation including jet velocity, ejected droplet volume, and
breakup process. We find that the Weber number significantly
affects outcomes of the drop impact and jetting mechanism. We
also examine the dynamic contact angle of the contact line during
the spreading and the receding phase.

Keywords: Microholed surface, droplet impact, jetting, jet
breakup.

NOMENCLATURE:
B spreading factor
p  density of the fluid (kg/m3)
o surface tension of the fluid (mN/m)
u  viscosity of the droplet (mPa. s)
D droplet diameter (mm)
I, capillary length (mm)
L jet height from the substrate (mm)

hole radius (um)
1, necking radius (um)
t time (ms)
t. capillary time (ms)
time of pinch-off (ms)

a

S

impact velocity (m/s)

V, average jet velocity (m/s)

V; droplet volume (m?)

V;  volume of ejected fluid through the hole (m?)
We weber number

1. INTRODUCTION

The study of droplet impact dynamics and its outcomes can
be traced back a century [1-3]. The outcomes of drop impact over
a liquid or solid surface include deposition, splashing, jetting,
spreading, and many others [4,5]. Due to its ubiquity in many
industrial applications including spray cooling [6], additive
manufacturing [7], ink-jet printing [8], and natural processes,
droplet impact phenomenon has received significant attention
from researchers [5,9]. The impact outcomes depend on different
parameters, such as impact velocity, the volume of the droplet,
the wetting properties and topography of the substrate, and fluid
properties (e.g., viscosity and surface tension), etc. [10-12].
Utilization of the high-speed photography has enabled discovery
of some rapid events that occur during the droplet impact, such
as jetting induced by cavity collapse [13,14].

In recent years, there is a growing interest on the jetting
phenomena following drop impact over solid surface of different
properties. Bartolo ez al. [15] showed that when water droplets
gently impact on a hydrophobic surface, the droplet shoots out a
violent jet at a speed that can be up to 40 times the initial impact
speed. Similar jetting phenomenon has been reported on various



types of hydrophobic surfaces [16],[17], [18]. Researchers also
carried out the study of droplet impact on microstructured
[19,20], microholed [21], and mesh substrate [22-25]. Tsai et al.
[26] experimentally investigated drop impact dynamics onto
different superhydrophobic surfaces, consisting of regular
polymeric micropatterns and rough carbon nanofibers. Siddique
et al. [19,20] have studied the droplet impact dynamics over a
mircopollered hydrophilic substrate. They have built a regime
map to demonstrate the jetting and breakup conditions for the jet
formed due to the cavity collapse during the receding phase of the
impacted water-glycerol droplet. Asai ef al. [27] has studied the
jet evolution and mechanism of satellite drop formation. Modak
et al. [23] has proposed a novel printing method using the droplet
dynamics over a sieve. Ryu et al. [22] conducted droplet impact
on a superhydrophobic mesh and proposed the scaling laws for
water penetration pressure and the penetration diameter. Su et al.
[24] studied the droplet impact on a wire mesh and developed
expression for cone angle of dispersion and dispersion diameter.
They have also discussed about the diameter and surface area of
the satellite droplets ejected from jet breakup. Sun ef al. [25] has
experimentally studied the spray phenomena for a droplet
impacting over a sieve. They have found two mode of water
sprays, one is for the collapse of air cavity during the recoil of the
droplet and the other is for the impact force of the droplet.
Lorenceau and Quéré [21] has discussed the mechanism and
outcomes of the drop impact over a single small hole. They have
also studied the dependency and scaling of different parameters.
Rozhkov et al. [28] has also shown the spreading and growth of
a lamella after impacting a drop over a small diameter stainless
steel cylinder.

Although good progress has been made in understanding the
outcomes of droplet impact on substrates of many holes including
mesh and sieve, most research is focused on the effect of hole
structure on the atomization process. In fact, droplet impact on a
microholed surface can precisely generate a single micron-sized
droplet with proper impact velocity, which can be utilized to print
patterns on different types of substrates[23]. However, the effect
of impact velocity on the size and number of satellite droplets
remains not well understood. Therefore, our present study is
focused on understanding how impact velocity of the droplet
landing over a hydrophilic substrate with a submillimeter hole
affects the formation of the jet and satellite microdroplets. The
millimeter-sized droplet of water produced from a micro-needle
has been carefully placed over the microhole to impact over the
substrate keeping the microhole in the center. A high-speed
camera has been used to capture pre- and post-events of the
droplet impact. A MATLAB code has been developed for
processing captured images. In this work, we have studied the
effect of variable impact velocity on outcomes of the droplet
impact. A regime map has been built to show the conditions for
the jet formation. We have analyzed the maximum spreading
factor, volume of the ejected jet, and jet breakup process. The
scaling laws for the jet growth and breakup have been proposed
in the study.

2. EXPERIMENTAL METHOD & DATA PROCESSING:

The experimental setup consists of two major systems:
dispensation and high-speed imaging, as shown in Fig. 1. The
dispensation system, including a programmable syringe pump
(New Era Pump System NE-1000), a pipette tip, a screw
mounting column, and a platform for holding the substrate, is
used to produce and land the droplet of diameter ~2.8 mm over a
microhole on the substrate. The release height of the droplet can
be adjusted with the vertical screw column where the pipette tip
is mounted. A plastic film of 200 pum thickness is used as the
substrate. A punch with a diameter of 500 pum is used to create
the circular holes with a diameter ~ 600 um through the substrate.
The plastic substrate is held by a platform of three degrees of
freedom using an assembly of high precision stages (i.e., a XY
translation stage and a vertical linear stage).

Pipette tip

LED light source

Substrate with
| microholes

High-speed camera lens

FIGURE 1 EXPERIMENTAL SETUP

In our experiments, the platform is carefully positioned to
ensure that the targeted microhole is right beneath the dispensing
pipette tip. The Z-position of the platform can be precisely
adjusted so that the high-speed camera (a Phantom Miro M310)
can properly capture the liquid profile above and below the
substrate during droplet impingement. The camera employs a
Navitar 12X Zoom Lens. The frame rate of 5638 fps with
exposure times of 20 ps is selected. Resulting pixel density is
1280 by 800 pixels. For backlighting, a high-intensity
AmScope LED-8WD spotlight is used. The light source and the
camera are placed on the opposite side of the substrate so that the
light can create a projection of the droplet on the camera. Once
the droplet is in range of the camera, an auto-trigger is initiated
to capture the subsequent events following droplet impact on the
surface. Before and after each experiment, the microholed surface
is carefully cleaned with isopropanol, de-ionized water and
allowed to dry out completely with the aid of a low temperature
hot plate. Each data point gathered from a certain impact velocity
and solution is repeated three times to ensure accuracy.



An in-house MATLAB code has been developed to process the
large number of captured videos in experiments. For each video,
our code can automatically process each frame and output the key
results, such as spreading radius, dynamic contact angle, jet
height, jet velocity, satellite droplet volume, etc.

In this study, only the impact velocity is varied. The properties
of the fluid and substrate remain same for all the cases. De-
ionized (DI) water is used in the experiments. All the experiments
are carried out at room temperature of 22.5°C +/-1°C The
viscosity and surface tension of water are 0.96 mPa.s and 72
mN/m respectively. The contact angle of DI water and the plastic
substrate is measured as 70° using a digital goniometer.

3. RESULT AND DISCUSSION
3.1 Overview

The release height of the droplet varies from 1.0 cm 5.0 cm,
resulting in the Weber number (We = pU?D /o) in the range
from 4.4 to 28. Fig. 2 shows the evolution of jet formation at
different impact velocities. It is clear that for all cases, upon
impacting the substrate, while the droplet spreads radially over
the substrate, it also penetrates through the microhole to form a
downward jet. The initial spreading and jetting are caused by the
kinetic energy of the droplet. A portion of the kinetic energy is
converted to the surface energy after the droplet reaching the
maximum spreading above the substrate.
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FIGURE 2 IMAGES OF TYPICAL JETTING EVENT FOR
A 100% WATER DROPLET

Sufficient kinetic energy can cause liquid to be ejected below
the microhole, which is called “ejected jet” in this work. For We
= 10 (U= 0.5 m/s), because of insufficient kinetic energy, the
initially formed jet retracts under the capillary force and merges
with the droplet above the substrate, as shown in Fig. 2 (a). For
We = 17 (U= 0.65 m/s), as the jet is being stretched through the
microhole due to relatively high kinetic energy, the jet tip is
growing into a bulb, followed by pinch-off of the bulbous jet tip
and ejection of a single satellite droplet, as shown in Fig. 2 (b).

The rest of the jet retracts back to the main droplet through the
microhole. For We = 17.83 (Ui= 0.67 m/s), the jet grows faster
and longer due to higher inertial force, resulting in multiple
breakups of the jet at different times and hence ejection of
multiple satellite droplets as shown in Fig. 2 (¢). For all the cases
involving jet breakup, despite of varing impact velocity, the
ejected jet takes a nearly constant time of ~ 3.90 ms to reach to
the maximum length and pinch off, suggesting the jet breakup is
controlled by the balance between capillary and inertia forces.
This breakup time is related to the capillary time scale, t. =

(pr?/o)'/2.

A regime map of impact outcomes is created to describe the
dependency of conditions for breakup on the impact velocity in
Fig. 3. There are three separate regimes depending on the breakup
conditions. No jet breakup is observed for low impact velocity
0 < We < 10, which is referred to as “no breakup” regime.
When the impact velocity exceeds a critical value of U; =
0.51 m/s (We=10), a single breakup event of the jet occurs and
ejects a satellite droplet. So, the 2nd regime 10 < We < 17 is called
“single breakup”, where a single satellite droplet is ejected due
the jet pinch-off. “Multiple breakups” are observed from We =
17 (U;=0.65m/s) to maximum We limit of our
experiments (We = 28). Further experiments need to be
performed to know the breakup conditions for higher We.
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FIGURE 3 REGIME MAP FOR DROPLET IMPACT
OVER A MICROHOLED HYDROPHILIC SUBSTRATE

Above the substrate, the droplet deforms into a lamella after
reaching the maximum spreading. Then, the droplet starts to
recoil due to the surface tension. Various semi-empirical or
theoretical models have been developed to predict the maximum
spreading factor, Bmax = Dmax/D with the maximum spreading
diameter Dpmax for droplet impact on solid surfaces. For inviscid
fluid, one would expect full conversion from kinetic energy to
surface energy and hence obtain the scaling law Bmax ~ We’? by
energy conservation. Under the similar capillary dominant
condition, Clanet et al. [29] proposed a different scaling law fmax
~ We"® using momentum conservation. If instead the viscous
dissipation plays a dominant role during the spreading, the
scaling 1aw PBmax ~ Re®? (Reynolds number Re= pU:D/u is then
expected. We find these scaling laws utilizing We give us the best



fit for our data, as shown in Fig. 4. The solid line in the figure is
the power fit of the data with R> = 0.84, i.e., B,,~We%2*. Our
study is in good agreement with Clanet ef al. [29]. Additionally,
Laan et al. [30] and Tsai et al. [31] have also shown the same
scaling law is applicable for water droplet.
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FIGURE 4 MAXIMUM SPREADING FACTOR AS A
FUNCTION OF WEBER NUMBER

3.2 Jet Evolution

At low impact velocity, jet retracts due to surface tension the
maximum length L,, of the jet is small and no jet pinch-off is
observed. In the “no breakup” region, the time to reach Ly
increases with increased We. Our study shows that in the “single
breakup” region, the pinch-off time remains constant irrespective
of We. In the “multiple breakups” regime, we also find the time
to the 1st pinch-off is nearly a constant. Fig. 5 plots the pinch-off
time #, normalized by the capillary time ¢, against We for all cases.
It can be found that #, remains nearly constant. Lorenceau and
Quéré [21] have also shown that the time of pinch-off is quite
independent of the speed of impact, but it strongly depends on the
radius of the hole. Similar scaling is found for the upward jetting
for droplet impact on super-hydrophobic substrate [32].
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FIGURE 5 NORMALIZED TIME OF PINCH-OFF WITH
WEBER NUMBER

The growth of the downward jet depends on the inertia force
of the fluid during impact as well as the supply of fluid through
the microhole. We find that the droplet usually reaches to the
maximum spreading before the jet is stretched to the maximum
length. The inertia force of the fluid above the microhole becomes
nearly zero when the droplet spreads most. Then liquid in the jet
starts to flow in the upward direction due to surface tension. The

speed of the jet tip is maximum at the beginning when the jet
emerges from the microhole. The speed of the jet tip decreases as
the jet is being stretched. Our experiments have shown that the
average speed U, of the jet tip during the period of jet growth is
nearly linearly related to the impact velocity U; of the droplet, i.e.,
U,~2.05U;, as shown in Fig. 6. R? of the fitted line is 0.89.
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FIGURE 6 AVERAGE VELOCITY OF JET TIP AS A
FUNCTION OF IMPACT VELOCITY

The average velocity of the jet tip can be expresses as
Ug = Lin/ta (1)
We also can write as,
Ly = Ugt, 2

From the above discussion, we have #, ~ 6.084 and
U,~2.05U;. Now, we can rewrite equation (2) as,

Ly ~ 13.1Ujt, 3)

A similar relation has been derived by Lorenceau and Quéré [21].
Fig. 7 plots the maximum jet length L, before pinch-off versus
U;t..The solid line fitted from the experimental data is
L., ~13.3 U;t., which is in very good agreement with equation
(3). R? of the fitted line is 0.88. Therefore, the impact velocity and
capillary time can be used to predict the maximum length of the
ejected jet before pinch-off.
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FIGURE 7 MAXIMUM JET LENGTH L,, AS A
FUNCTION OF Ujt,



If we approximate the ejected jet of liquid as a cylindrical
shape with a diameter equal to that of the microhole, we can
estimate the jet volume V; by the following equation,

V; = wr’Ly, 4)

Replcaing L, using equation (3), we have,

V-

/i ~ mr?U;t, ®)

If we normalize V; by initial droplet volume V4 and use the Weber
number (We = pU?D/c), equation (5) can reveal the following
scaling law,

V;/vd ~ we®® (6)

Fig. 8 plots the measured Vj normalized by V4 as a function of We.
The solid line fitted from experimental data is V;/V; ~ We®>7,
which is in good agreement with our scaling analysis. R? of the
fitted line is 0.89.
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FIGURE 8 EJECTED VOLUME OF LIQUID JET, 2

NORMALIZED BY DROPLET VOLUME, V,; AS A
FUNCTION OF WEBER NUMBER

3.3 Breakup of Ejected Jet

The jet observed in our experiments is stretched inertially
with the tip gradually growing into a bulb. As the size of the
bulbous tip is increasing, necking is found to occur where the jet
joins the blob, eventually resulting in the breakup of the jet and
emission of satellite droplet. The jet breakup is due to Rayleigh—
Plateau instability [37]. Existing studies have shown that the
necking radius typically follows a power law with the time to
pinch-off. To find the scaling law for the necking process in our
experiment, we plot the dimensionless necking radius 7/l against
the dimensionless time © = (f-f)/t. (Where #, is the time at the
moment of jet pinch-off) for a few cases in Fig. 9. We find from
the figure that ry/l; vs. © does follow a power law scaling as
(/1) ~ t* with @ = 0.46 + 0.03. R? of the fitted lines varies
from 0.93 to 0.96. For low viscosity fluid, the jet breakup is
dominated by inertial and capillary forces, leading to the scaling
exponent of a = 2/3 [37]. Surprisingly, our scaling exponent is

much smaller than the value of 2/3 suggested by scaling theory
for inviscid pinch-off. However, it is worth noting that our scaling
exponent is close to the case of pinch-off of gas bubble in viscous
liquid [33-36].
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FIGURE 9 NORMALIZED NECKING RADIUS AS A
FUNCTION OF NORMALIZED TIME

4. CONCLUSION

In this work, we investigate the jet formation of the droplet
impacting over a single hole of diameter of 0.6 mm on a
hydrophilic substrate. The experiment is performed with DI water
for impact velocity ranging from 0.33 m/s to 0.84 m/s. The
droplet diameter is kept at 2.86 mm. A high-speed imaging
system is employed to capture the entire process of the droplet
impact. While the droplet spreads over the substrate upon impact,
the liquid also penetrates through the hole to form a jet due to
inertial force. The outcome of the jet is significantly affected by
the impact velocity. A regime map of the jet outcome is created
to convey the dependency of jet dynamics on the Weber number.
We find that when impact velocity is lower than the critical
velocity of Ui=0.51 m/s (We=10), no pinch-off of the jet will
occur. For 0.51 <U; <0.65 m/s (10 < We < 17), a single jet
breakup event occurs, ejecting a satellite droplet. When U; >
0.65 m/s, the pinch-off of jet occurs multiple times and eject
multiple droplets. For the pinch-off process, our data indicate that
the radius of the neck reduces with the power law with an
exponent of @ = 0.46 + 0.03, which is much smaller than the
value of 2/3 suggested by scaling analysis for the jet breakup
dominated by inertial and capillary forces.

We have also studied the different parameters of the ejected
jet. The average velocity of the jet is found to be linearly scaled
with the impact velocity. The pinch-off time of the jet (i.e., time
period from initialization of jet from the microhole to the moment
of pinch-off) is nearly constant and independent of impact
velocity, suggesting the pinch-off time is related to the capillary
time. Our experimental data shows that the impact velocity and
capillary time can be used to approximate the maximum length
of the jet. We also find that the volume of the ejected liquid scales



well with We%57, which is in close agreement to our scaling
analysis We%®°. Additionally, our experimental data show that the
maximum spreading factor of the droplet over the substrate scales
with We%2*, which is in good agreement with existing study.
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