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Floating Droplets Dancing with Wave

Abstract

A pure water drop coalesces almost immediately with a pure water surface.
When a water drop is released, from a certain height, upon the liquid surface with
surfactant solution, the water drop sustains longer than on the water surface without
surfactant. Research statistics indicated that the duration of the water drop varied by the
height it was released from, by the existence of the surfactant in water bath and by the

size of the droplet.

Coalescence of the droplet and the liquid surface would be prolonged due to
the continual renewal of the air cushion by wind or vibrating the liquid surface vertically.
When the surface vibrated vertically, the droplet was observed to vibrate up and down,
move back and forth, travel, and bounce. The droplet also transformed along with the
movement. The threshold acceleration of drop corresponding to travel on the vibrating
liquid surface is minima for a particular frequency when droplet and bath motions are in

resonance.

When two floating droplets get closer to each other on a vertically-vibrating
surface, they would demonstrate orbiting around or repulsing to each other, in addition
to coalescence and bouncing. As observed in this study, the phenomena of the floating
droplets moving on the vibrating liquid surface was analogous to what Couder’s group

had found in their “walker” study, though distinctions were still detected.
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100

bath:0.1% detergent solution water drop volume 0.020ml

50 MM wind 1.5cm/s t =6.01s
I wind 2.0cmis t, =5.39s

g0 [ wind 2 5cmis t =5.58s
40 |
“l J_‘

N EE = ]
B vind 1.5cmis t =1.6s water drop volume 0.056ml

80 | MM wind 2.0cm/s t_=6.255
[ wind 2 5cmis t_ =7.0s

Probablity(%)

60 +
40 t
20 +
0 e —T
0-0.5 0.5-1 1-5 5-10 10-15
lifetime(s)
B S5-4 < ] 2fEkF AR EFEAR T 3MEF P RET FRG D

L

BMWA T <] RIFIE AR E 5 2.5m/sPE G ik chd 3 gt R 4 Boi o
B RKFSERGE P AE R EAR ﬂ’ﬁ*@wﬁi$%°$1&\meMﬁ%%
o ORI iad G ERC]ORFE o SN PRRIE & RS PSSR < CRF
AAPFER > QaFFH L KFhi R 22 5 HhuL oA [ RFFR

SRRl F RES o EE Lk F R A R L B RE

b oiE G 15Sm/sA RGFREH T304 SRR G 1.6s0 @ ) KT 3ad G REERErG
6.01s » 3 ¥ & LT h i L5m/sfi 35 > 5B 3 KL < okF ke b A4
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g M KR ki o

2. PR REVT 'i'ﬁ'j% de R 5 ]\/F 4 58

g de 4 F (fluid dynamics)i@ » B A £dp b6 ~ @ e ~ A 3 s R
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'
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RO IR T
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25
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PRSP T A - B R T e T8 %g4vi& R (reduced accleration)l I' = —
g

grE A vid R o AS5-1 A A2 RHEF3EFRIET » 1038/ KiF 02 38 A
THRE BT 32 - d o UAPIRG IR E R D Rk

i @ E 0 F R R TR ARR)RFOLFHAFTEFA LY B E

I o
%51 a2 RHF 3F/ARTET 103 [ RFh2 3 A F FFE T2 3H- T4
4=y
#E 2 (Hz) e ' = 73 (s) |
1047 k5F 2 58 A FHFG) | 1035 kF T2 58 (s)
r, ] 021 0.075-0.325 0.18
20 T, | 042 0.083-0.180 0.11
T; | 0.61 0.92-5.10 0.97
r, | 022 0.075-3.22 0.15
30 T, | 045 0.062-6.25 1.17
I3 | 062 0.067-4.37 1.87
T, | 026 0.170-8.92 1.69
40 T, | 041 0.029-9.33 221
I3 063 0.062-1.62 6.00
T, | 025 2.21-20.61 8.54
50 T, | 0.41 0.52-18.80 3.46
I'; | 058 0.87-21.36 9.12
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0 | T2]041 0.23-2.11 0.78
I | 0559 0.76-3.53 1.61
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BRI o gt fEE R A Y (o BETRAL RS Al
RE R Y B ke gud s 0 4@ 5-10 F7

ﬁalokﬁﬁﬁ\ EREFLIE N g
= . B p) kwEd T 7B
QIKFAEFEFL 1204

B 5-10 ¢ #9524 Benspde4f 5 5 20Hzo
KB R 5 0.1%2 A 0 KIE 0.50 24 KR RA S 0.020ml 0 B 5-10 ¢ & & 2
BEILPEIES 1/20 £ vk o

25
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Floating Droplets Dancing with Wave

|. Motivation

A pure water drop coalesces almost immediately with a pure water surface, and the
coalescing may be delayed by a surfactant solution. According to observations, floating
droplets seemed to sustain longer on the disturbed water surface as given in Fig.1-1.
Why did water droplets float on water surface? What kind of methods could maintain
water droplets on the water surface instead of coalescing with a water bath

immediately?

Fig. 1-1a Fig. 1-1b.

A floating dropletmoved on | Floating droplets moved on Three floating droplets
wind blowing water surface. | flowing water surface. proceeded on vertically
vibrating liquid bath with
constant velocity.
I'1. Research Purposes
1. To identify the mechanism of a floating droplet and factors to affect its life time

on a liquid surface, and to find out optimal conditions for the floating droplets.

2. To observe the phenomena of the floating droplets on wind blowing and
vertically vibrating liquid surface under the optimal conditions and build models

to explain corresponding behavior.
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1. Apparatus

Main Equipments Standards
High Speed Video Camera(CASIO) | FH-100,1200fp;Exilim 420fps

Power amplifier
Sound Generator
Variable Resistor

Acceleration Meter Vernier production
(Maximum 25g)

Wind Speed Meter

Electrical Fan 35W

A.C Amperemeter Maximum 5A
Containers £100cm*w10cm*h10cm

£ 7.5cm*w2.5cm*h3.5¢cm
Circle Radius 4.5cm* h3cm

V. Experimental Procedures

1. To find out a mechanism and factor s affecting the life time of a floating

droplet.

To study the mechanism and the factors of the life time for floating droplets on the
liquid surface, different variables include the height it is released from, the size of the

droplet and detergent solution of different concentrations.

The optimal conditions for water drops to sustain on a quiescent liquid surface are
concluded by the statistic results of drops. The drops were photographed at film speeds
300 frames/sec, as shown in Fig.4-1 for analyzing the mechanism of the floating

droplets.

Drop
Shape

t(ms) 0 60 120 180 220 230

Fig4-1 Asequence of experimental pictures of a water drop falling on a water surface
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2. To sustain thelifetime of floating droplets on liquid surfacein order to study the

related phenomena.

The methods adopted to sustain water droplets on a liquid surface include to
wind-blow and to vertically vibrate the liquid surface. According to the statistically
optimal conditions, the experiment is proceeding at the water bath of 0.1% detergent
solution and water drops released at a height of 1cm. The corresponding phenomena of
floating drops on wind blowing and on vertically vibrating liquid surfaces are recorded

with a high speed video camera.

Experimental apparatus for studying floating droplets on blowing and on vertically

vibrating liquid surfaces are given as Fig. 3 a and Fig. 3 b separately.

peaker

Fig. 4-2 a Fig. 4-2b
The experimental apparatus for studying the|Apparatus for studyingthe floating droplet ona
floating droplet on a blowing liquid surface. vertically vibrating liquid surface.
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V. Theory Analysis

1. Faraday Wave [1]

Viscous fluid under the vertical sinusoidal vibration with a forcing frequency will
form many kinds of standing wave patterns when forcing acceleration exceeded the
threshold value. This surface wave first found by Faraday due to parametric resonance
is called Faraday wave. Some specific patterns as shown in Figs.5-1 will vary by the

geometry of the container, the depth of the liquid bath, and the forcing frequency.

Meniscus
wave

Faraday
wave

Forcing
frequency 30Hz 60Hz 30Hz
(Hz)

Figs.5-1. Observed patterns of meniscus wave and Faraday wave with different forcing
frequencies and containers.

Benjamin and Ursell [2] considered a harmonic oscillation of the free surface with

damping items by parametric force and got typical Mathieu equation.

42y z+ o1+ f()]z=0 (5-1)

In the equation, f(t) refers to the driving force and f(#) = fcos@? and the
direction of vibration is along z axis (gravitational direction). Benjamin and Ursell [2]
demonstrated there were infinite such series of resonances as ®, which correspond to the

following condition:

2 2
a)=2a)0,a)0,%, ...... @ (ne2).
n




When the acceleration is over the
threshold value of excitation, there is
a formation of standing surface waves
with half the frequency of forcing.
The formation of the Faraday wave on
a fluid layer undergoing a vertical

oscillation is illustrated in Fig.5-2.

When parametric standing waves

\ Y

____ T 6T

formed, a steady flow generated by Fig.5-2 Formation of the Faraday wave on a

Faraday wave is given in Fig.5-3. The
fluid rises at the maxima and goes

down at the nodal lines.

A¥

<

fluid layer under vertical vibration.

>

©’© Oscillating free surface

-~ -—

/ AY
A
\

g Steady streaming

Viscous boundary layer

- Cell bottom

As the forcing amplitude is further
increased, the Faraday wave amplitude
increases progressively until the waves become
chaotic. Ultimately, the waves break and
droplets of the similar size are ejected from the

wave crests as shown in Fig.5-4.
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Fig.5-4 Droplets of the similar
size were ejected from
the wave crests on the
breaking Faraday waves.



2. The proceeding of a droplet on the Faraday waves

We attempted to develop a model in order to further investigate the droplet moving
on the liquid surface with the Faraday waves.

On the condition of small amplitudes, the capillary eigenmodes of a droplet with a
radius R can be derived from the Laplace equation applied on a surface slightly
different from a sphere. This surface, defined by a function r =r(6,¢), is given by

r=¢ + R, with ¢ asmall deviation, compared to r=R for a sphere (Fig. 5-5).
Z

3 Z
P (r,8,¢)
1\ dA=r'sin@d6de
[!] =
1
0 s
"\\ 1 r
¢ S '.'!
Figs. 5-5 (a) Spherical coordinates Figs. 5-5 (b) The spherical droplet with small

deviation.

According to the continuity of equation and water being incompressible, the
velocity potential f should satisfy the following equation:
10, , 1 0

o 1 S
V-Vf=Vif=——(@")+ sinf—=— )+ ————>=0 (52
4 4 r>or o r’sinf 60( 80) r’sin’ 6 0°¢p >-2)

And fin the derivation of Eq. (5-2) with respect to time and with % = Zl (5-3),
r

Eq. (5-3) has been derived in [3], with the boundary condition Vf = 0| .z - Then we seek
a particular solution to the problem in the form f,, =a,r'Y,,.(0,p)e™",

where Y, (0,¢)are the Legendre spherical harmonics, given by

Y, (0,6)=N,, P"(cosf)e™ , where ¢>0,mel[-(,/] with ¢ aninteger.

is a normalized constant; P"(cos#) 1is the Legendre

N :\/(2£+1)(f-|m|)!
" 47 (¢ +|m])!
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polynomials.

The corresponding deviation ¢, for f,, is

la, : : - . I
Com=—r""Y, (0,00 =A,, r"Y, (6,p)e™", where 4,, is the oscillation
-iw,

amplitude, and @, is the oscillating frequency[3].
r P
o, =[— (- +2)]> (22 (5-4)
por

The distance between P point on the surface in Y,” state and the zero point as
Fow =R+A LY, (0,4)e™", the small area d4 =r”sinOdfdy (as given in Fig.5-5 a),
the x coordinate of P pointis x,, =7, sinfcosg . The x coordinate of the mass center

of the droplet could be described as:

27 w 2w

J-rm sinfcosgr,,’ sin0dfdg :j Jr3 sin® 6 cos ¢ dOd (5-5)
0 00

Xem = ?,m

O ey

If E =0, the droplet wouldn’t move; a changes with time, and the droplet would

translate. The following discussion about x,, of different eigenmodes revealed which

mode contributes to the droplet translation.

1. Eigenmodes Y, > the spherical harmonics function are axisymmetry:
27

The term J-cosgo dp=sinp|)" =0, x,,, =0 the droplet doesn’t translate.
0

2. Eigenmodes Y,",m =0 the spherical harmonics function are non-axisymmetry:

(1) Y is a mode of translation.

. T
X = J
0

. . d
The velocity of the mass centre for a dropletis v = % =~\6ra, ,R* (5-6)
: ’ :

27 T 2w

J.rfl sinf cos ¢ sin 0dOde = j J‘(R—1 /8iautsin e’ )* sin” 0 cos p dOdp = — 67 a, R’
T
0 00

(2) Y, isnot the mode of translation.
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X, = J. I- 3.5 4R sin 6 cosf e sin’ 0 cos ¢ dOdp
TN kY4

g

—_—

=3 %AR%'“"Z‘ [sin® 0 d(sin0) = 0

0

Because of xT] =0 , the mass centre of the droplet doesn’t move.

61



V1. Reaults and Discussion

1. Themechanism of floating droplets and optimal conditions for noncoalescing.

A colorful interference pattern caused by
the air cushion between a droplet and a water

surface was shown in Fig. 6-1.

According to the interference picture, the

main mechanism of a floating droplet could be

[ 8

Fig. 6-1 Thecolorful interference
pattern caused by the air

referred to the existence of the air cushion
trapped between the opposing surfaces of a
droplet and a water surface. The coalescence of a cushion

drop with the underlying surface is delayed by the air film. When the air film is thin
enough, a water droplet coalesces with water surface immediately. During the
experimental procedure, water droplets of two sizes were investigated as shown in Fig.

6-2, and the larger drop was more oblate than the smaller one.

Fig. 6-2 a Large water drop Fig. 6-2b Small water drop
with volume 0.056ml. with volume 0.020ml

The details about the optimal conditions for floating droplets were described in

appendix.
2. Floating droplets on the wind blowing liquid surface
(1) Thelifetime of the floating droplet on the wind blowing liquid surface

Wind wave is a type of surface wave due to the pressure difference induced by
the turbulent flow of the air. When the droplets are set on their optimal condition of life
time, being released at the height of 1cm and the solution was 0.1 % detergent in water,

different wind speeds and different-sized floating droplets were used to discuss the

62



influence on wind disturbing on the life time of the floating droplets,

The life time of 50 drops of volumes 0.020ml and of 0.056ml under three values of
wind speed were measured separately and the statistic results were illustrated in Fig.

6-3.

100

bath-0.1% detergent solution water drop volume 0.020ml
g0 LI wind 1.5cm/s t_=6.01s
I wind 2.0cm/s t =5.39s
g0 [ wind 2 5cmis taue:5_585

Probability(%)

B wind 1.5cmis t_ =165 water drop volume 0.056ml|
80 I wind 2 Ocm/s t =6 25s
[ wind 2 5cmifs t =70s

0-05 0.5-1 1-5 5-10 10-15
lifetime(s)

Fig. 6-3 Probability distributions of the life time of drops (volume 0.056ml
and 0.020ml) under three different values of wind speed.
Comparing Fig. 6-3 and the statistic results on the quiescent liquid surface (as in
Appendix), the life time of the floating droplet could be significantly lengthened by

wind. How did wind help the droplets sustain on

the surface? According to the picture given in -
Fig.1-1, the droplet on the wind blowing liquid
surface was levitated slightly and the air cushion

could be replenished by the wind, leading to a

delayed coalescing process.

(2)The motion of the floating droplets on

thewind blowing liquid surface

Fig. 6-4 Diagram of the floating droplet
on the wind blowing liquid

wind blowing liquid surface is slower than the surface moves slower than the

phase velocity of the wave.

The motion of the floating droplet on the
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phase velocity of the wave as given in Fig. 6-4.

The distributions of the average velocity of 20 drops for volumes 0.020ml and
0.056ml under three values of wind speed were measured separately and the statistic

distributions were illustrated in Figs. 6-5 a and 6-5 b separately.

25 25 -
i drop volume=0.056m| A wind speed=1.5mis drop volume=0.020ml

=]
(=]
%]
L]
-
——
-

average velocity(crm/s)
o
H—
-
HM
average velocity(cm/s)
o
—p—

s
o =
T T T
e |
—a
[N S

U 1 1 1
0-10 10-20 20-30 0-30 0

distance(cm)

1 1
0-10 10-20 20-30 0-30

distance(cm)

Figs. 6-5 a. Distributions of the average velocity of | Figs. 6-5 b. Distributions of the average velocity of
20 drops (volume 0.056ml ) under three 20 drops (volume 0.020ml ) under three values of
values of wind speed. wind speed.

From Figs. 6-5 a and 6-5 b, the statements of the motion for the floating droplets

could be referred as follows:

(1) Under each value of wind speed, the average velocity of the smaller droplets is faster

than the bigger ones.

(i1) The distributions of the average velocity of the same-sized droplets are faster and

more centralized at a higher wind speed.

Because the wind is a turbulent flow, it’s difficult to give it a quantity analysis.
Therefore, a qualitative picture showing the pressure variation in the air cushion is

given as fig. 6-6.
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pressure
Fig.6-6 Illustration of the floating droplet on the wind
blowing liquid surface.
As shown in Fig. 6-6, the weight (W) of the drop is balanced by the vertical
component (PN) of the resultant force (PR) due to bearing action. The horizontal
component (PH) of PR is caused by the surrounding air. And the shear force (Fr) is

exerted by the air motion.

When , the droplet could be accelerated. When , the drop would move in a
constant speed; , the drop could be decelerated and would be coalesced with the liquid

bath quickly.
3. Floating dropletson the vertically vibrating liquid surface
(1) Thelifetime of thefloating droplet on the vertically vibrated liquid surface

To understand the behavior of floating droplets on the vertically vibrated liquid

surface, the droplets were again measured with the same optimal conditions.

Table 6-1 listed the life time distributions of 10 drops of volume 0.020ml
corresponding to different forcing frequencies and accelerations, on the vertically
vibrated liquid surface. When the distributions of life time on the vertically vibrated
liquid surface and those on the quiescent liquid surface were compared, the coalescence
could be delayed significantly when the bath was vertically vibrated. The droplet was
vibrated periodically on the bath, and the air layer between the droplet and the bath was

replenished at each vibration.
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Table 6-1 Distributions of the life time of 10 drops (volume 0.020ml ) under different
frequencies and accelerations on the vertically vibrated liquid surface.

I'(reduced — .Lifc time(s)
Frequency(Hz) accelerations) Data distribution of Average(s)
10 drops (s)
I 0.21 0.075-0.325 0.18
20 1) 0.42 0.083-0.180 0.11
T; .61 0.92-5.10 0.97
I 0.22 0.075-3.22 0.15
30 I 0.45 0.062-6.25 1.17
T .62 0.067-4.37 1.87
I 0.26 0.170-8.92 1.69
40 I 0.41 0.029-9.33 2.21
T 0.63 0.062-1.62 6.00
I 0.25 2.21-20.61 8.54
50 P 0.41 0.52-18.80 3.46
T; 0.58 0.87-21.36 9.12
I 0.24 0.03-0.45 0.21
60 I 0.41 0.23-2.11 0.78
T 0.59 0.76-3.53 1.61

According to Table 6-1, the life time of the droplets seemed to have no correlation
with the forcing frequency and the acceleration. When the drop touched crests of the
wave, it would repel the air, leading to the reduction of the life time; on the contrary,
roughs of the wave would help the droplet sustain on the surface. The touching point of
the droplet on the wave was random, so the life time of droplets didn’t correlate with the

forcing frequency and the acceleration.

(2)The mation of the floating droplets on the vertically vibrated liquid surface

During the experiments, four types of

motion were observed as follows.

(1) Oscillation on the surface wave

When the amplitude of the wave is
small, the droplet would oscillate vertically

on the liquid surface till it coalescing with the

liquid bath as shown in fig.6-6.

(i1) Trap on the Faraday waves

As the vibrating amplitude Fig.6-6 Droplet oscillates on the surface
increased, the Faraday wave formed on the Eli }ioalzsmfhg Wﬂhﬁhc water
ath under the sma
amplitude of the wave
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liquid surface. When the kinematics energy
of the droplet on the Faraday wave

couldn’t overcome the potential barrier on
the water surface, the droplet would move
back and forth in a harmonic potential well,
with a period of 1/10s oscillation, as in

Fig.6-7.

.;. o8 -q_-__ e //
(ii1) Traveling on the Faraday waves Fig.6-7 Droplet moving back and forth on the
Faraday waves.

Amazingly, when the amplitude of the
vibration was strong enough to form the

Faraday waves on the liquid surface, a free

falling droplet started to move horizontally
at a near constant speed along the fluid
surface. The spontaneous horizontal

displacement resulted from the interaction

of the droplet and the surface waves.

Steady traveling of the droplet (0.020ml) on
the surface of a rectangular container

(5.5cm*1.9cm*0.5c¢m), with a liquid depth of

4mm, was observed at forcing frequency 30 Hz
and the Faraday waves formed on the liquid
surface. Fig. 6-8 displays the snapshots, captured
at 240 fps, of the droplet moving linearly on the

Faraday waves.

From Fig. 6-8, the deformation of the droplet
was due to the oscillation under natural frequency.

According to the equation (5-4),

o, = [#é(ﬁ—l )+2))? 22, the natural

frequency in /=2 mode is 59.7 Hz with surface Figs. 68 Sequential images of the

tension T=71.5mN/m, r (radius) of 1.6mm and droplet traveling along
the liquid surface with
deformation on the
67 Faraday wave.



density p=1000 kg L for the water droplet. The calculation result (59.7Hz) of the

natural frequency when /¢ =2 is very close to the data (60Hz) of this study.

Traveling of the droplet was found to move obviously at the instant the droplet was

slant and prolate in shape, as seen in the yellow frame of Fig. 6-8.

Interestingly, the experimental findings can be compared to those of the previous
studies [4-5] on an oil drop bouncing on an oil surface. The bouncing oil droplet [4-5]
can become coupled to the surface wave it generates and thus becomes a "walker"
moving at constant velocity on the interface. On the other hand, the water droplet
deforms in our experiment at low viscosity, while at high viscosity, oil drop’s

deformation could be neglected in the studies [4-5].

Another study about a bouncing oil drop “roller” with the oscillating  mode was
investigated by Dorbolo et al. [6]. Take them as an example. The traveling water drop in

this experiment was called “mover”.

In another experiment, the same-sized droplet
(0.020ml) was put on a different-sized rectangular

container (7.5cm*2.5cm*3.5cm). Another steady

traveling mode was observed at a forcing frequency
40 Hz on the stripe Faraday waves illustrated in

Fig.6-9.

During the procedure we measured the
magnitude of the vibrating acceleration with a
calibrated acceleration meter. The critical threshold

values of acceleration for a droplet to start traveling

c
max

on the surface waves (a_ ) and the liquid surface

began to form the Faraday waves (a,_ ) vary with — —
. . Figs. 6-9 Sequential images of
the forcing frequency and a,, is always larger than a droplet moving on

the stripe Faraday
al  ateach frequency. The threshold value of the

reduced acceleration for a traveling mode is I',, where I', =a,, /g . The sustained

c max

traveling motion is achieved when the reduced forcing acceleration is higher than a
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threshold valueI’, . The correlation between I', and the forcing frequency is shown in

Fig.6-10. This result is qualitatively consistent with T. Gilet’s et al. work [7] (inset
diagram in Fig.6-10) except the droplet of traveling state instead of bouncing state.

Most of the I'. values in Fig.6-10 are less than 1 because of the low viscosity of
the water drop. In the range of 30-60 Hz, I', decreases smoothly with raising

frequency and reaches a minimum value at 60Hz.

1.2

1.0

5

o
N
T
I lfv=1 5051

02+

00 | | 1 1 1 | |
20 30 40 50 60 70 80 920 100

f(Hz)

Fig.6-10 Evolution of the threshold value of the reduced acceleration I,

for traveling with respect to the foreing frequency.

The forced equation of the droplet on the sinusoidal vertically vibrated liquid
surface is:
d’¢, dc, F,
42 "+, )=—Lcoswt (6-1
Z ( dt2 ﬂ dt l C/,,m ) ( )

m

l,m

where ¢, is the deformation in the Y," state; B is the damping coefficient; m is

mass of the drop; @ is the forcing frequency. When f is small and @ is close to the

natural frequency o, , a resonance phenomenon of the droplet-air film system occurs.
The minima in T, curves corresponds to a resonance phenomenon of the traveling

c

droplet which is analogous to the results of previous study [7].
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0 1
Y, f=60Hz Y

. . f=70Hz
Simulation[6] Simulation[6]

Figs. 6-11 Simulations for the Y, and Y, spherical harmonic states

and snapshots of the traveling drops in different phases. The
forcing frequency f corresponding to these modes are indicated
in the figure.

The first and third columns in Fig. 6-11 represent simulations taken from different
phases of the oscillation for the modes Y, and Y, separately. And the second and

forth columns in Fig. 6-11 represent snapshots taken from different phases of the

oscillation for a traveling droplet at forcing frequency 60Hz and 70Hz separately..

The snapshots of the traveling drop are very similar to the simulations in the Y,

state except the green frame in Fig. 6-11.The non-axisymmetry shape of the photo in
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green frame means the mixing state of modes Y, and Y, for the traveling drop.
According to the previous discussion, the Y; mode was the translational mode and the
Y, mode was the oscillating mode without translating. According to Fig. 6-11, it could

be distinguished that the amplitude of the Y, state in the second column is larger than

that in the forth column.

The jump in Fig.6-10 from 60Hz to 70Hz means a state transition from the mode

Y, to Y, which could be explained by the following analysis. According to the

observation, if '1% is much greater than 1, the drop prefers to be excited as the Y,

mode, but as '1% approaching to 1, the Y, state would be replaced by Y, mode.

Where d is a diameter of the drop and A, is the Faraday wave length. The explanation
for the Y, state to be replaced by the mode Y, as '1% approaching to 1 could be

stated as below. When the diameter of the drop in the Y; state is close to A, it’s
difficult for the drop to form the deformation along an equatorial direction. It leads to

the mode Y, be suppressed and the mode Y, be excited.

Comparing the snapshots of the traveling drops at 60Hz with those at 70Hz in Fig.
6-11, the traveling drop at 70 Hz with the mode Y, corresponds to a more violent
oscillation than that at 60Hz with the mode Y, . More energy is needed to excite the
droplet of the mode Y, than of the mode Y, , which leads the jump from 60Hz to
70Hz in Fig.6-10.

A larger surface area of the droplet in oscillation corresponds to a higher surface
energy. So the surface areas for the traveling drop of the modes Y, and Y, have to
be examined. The surface areas S) of mode Y, and S, of modeY, for the traveling

droplet could be derived from the previous theory as below.

SY = 4zR’ + 2ﬂA02Rze'i2”2tji(3cos29 -1)*sin6 do
o 167

=47R* + AlR’e™  (6-1)
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S\ =4zR? + ZEAIZRze'isz’I;—S cos’kin >0 sinAl @
T
0

=47R*> + AJR*e™™"  (6-2)

where R is the radius of the sphere; 4, and 4, are the amplitudes corresponding to the

modes Y, andY, separately and , is the Rayleigh frequency[3] when /=2.

According to the previous discussion, 4, > 4, leads a jump from 60Hz to 70Hz in

Fig.6-10 as the mode Y, excited.

The average velocity of 5 drops (0.020ml) under three values of I'(I', <I") and

different forcing frequency on the vertically vibrated liquid surface were measured and
were listed in Table 6-2. Table 6-2 shows the droplet moving faster under higher

frequency and larger acceleration in the range of 30-60Hz. According to the previous
equation (5-6), when the drop was excited with the mode Y, on vertically vibrated liquid
surface, the drop would move in a constant speed v., and v, ocq,,.The liquid surface
is vertically vibrated at higher forcing frequency and larger acceleration which can
trigger on larger amplitude of the translational mode Y, and causes the droplet move

faster.

The forced motion of the bath provides some energy to the droplet, a part of
which helps the droplet to translate while the other part increases internal motions inside
the droplet, which are eventually dissipated by viscosity. The proportion of energy

supplied to the translational/internal motion varies with the forcing frequency.
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Table 6-2 The average velocity of 5 drops (0.020ml) under three values of I'(I'>1T") at
different forcing frequency on the vertically vibrated liquid surface.

f(Hz) r Average velocity (mm/s)
1 2 3 4 5 | Average value of five drops
| 057|134]151 (105|123 ]11.0 125
30 |I,]076|23.6|208]|18.2]19.6|16.9 19.8
I';]082]43.0]40.5|360|412|428 40.7
Iy | 057]14.6]21.2]208 | 19.6 | 162 18.5
4 | I, | 077261303320/ 296|289 29.4
I';] 086|445 |442 | 38.6 | 352|445 41.4
Iy 0.60]31.3]|224|258 280|221 25.9
50 |I,|0.78|50.0 304|552 ]| 33.8]46.7 43.2
I';]085]53.3]52.1|582]51.0]57.1 54.3
'y | 058|269 |24.0 | 255|344 | 26.7 27.5
60 |I,|079|423|444|423|559|479 46.6
I';]0.87]62.7]50.0]| 651|492 | 61.5 57.7
I 094|168 | 192|187 |21.5]19.6 19.2
70 | I, | 1.04|23.6|20.5]|19.3]|20.2]19.0 20.5
I'; | 1.17]259|23.1|21.8]267]278 25.1
Iy | 1.00]22.0|21.1 | 187|262 | 19.0 21.4
80 |I,|112|148 | 16.8 252|369 | 159 21.9
I'; | 1.26 | 31.3 | 43.5 | 31.9 | 40.8 | 30.3 35.6
Iy 098|226 |21.8 200262193 22.0
9 |I,|128|356|29.8|31.9]|37.8]30.3 33.1
I'; 139|419 | 375|368 | 432|452 40.9

When the frequency was in the range of 70-90Hz
as listed in Table 6-2, the Faraday wave length was
short and close to the diameter of the droplet. The
droplet is easier to be bound by the Faraday wave or to

be slowed down in the range of 70-90Hz than that in the
range of 50-60Hz.The mode Y, excited in the range of
70-90 Hz enhances the oscillation and decreases the
translation of the droplet. Mode Y, (m # 0)is found

to decrease the translating ability of the droplet which is

similar to Dorbolo’s et al. work [6].

From above discussion, we found the theoretical

model using the spherical harmonics Y," as a part of

the solution of the Laplace equation, in good agreement
with the experimental results for the droplets

proceeding on the vertically vibrated liquid surface. So
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the motion of the drop on the vertically vibrated liquid surface could be decomposed of

the excitation on the spherical harmonics basis for further analysis.

Sometimes the traveling droplet is reflected by the wave field as shown in Figs. 6-12
when it proceeds to an edge of the container without touching the edge then left away.

The time interval between each frame is 1/20 second.
(iv)Bouncing on the surface wave

The water drop (0.02ml) bounces vertically on the Faraday waves without
translation as shown in Figs. 6-13. The time interval between each frame is 1/120

second.

Figs. 6-13 The water drop bounced on the Faraday waves with deformation at forcing
frequency 30Hz.

The bouncing ability of droplets is due to the cooperation of (i) the droplet
deformation that stores potential energy, and (ii) the vertical force resulting from the
squeezing of the intervening air layer between the droplet and the bath. The water drop
with large volume is difficult to bounce on the surface wave. In this experiment, we
couldn’t find more details about the bouncing phenomena of the water drop on the
surface wave as the previous works [4-7]. It’s worth finding an appropriate way to
produce tiny water droplet in order to study the bouncing water droplet on the surface

wave in the future.
(3)Theinteractions of the floating droplets on the vertically vibrated liquid surface

There are four types of interactions among floating droplets: coalescence,
bouncing, touching each other and forming orbital motion and repulsion. The

corresponding interactions were described as following.

(i) Coalescence
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Coalescence is a common interaction between two droplets owing to the

attraction of the van der Waals forces as illustrated in Figs.6-14.

Figs.6-14  Two drops coalesced into one drop.

(i1) Bouncing

When two drops collides with each other, they would bounce away as an impact

between two billiard balls.

Figs.6-15 Two droplets collided with each otherand bounced away

(ii1) Orbital motion

When two drops come close together, they would orbit around each other as given
in Figs. 6-16. The period of the orbital motion is longer as the distance between the

centers of the droplets extends.
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Figs. 6-16 a. Two drops orbit with each other of different size.

Figs. 6-16 b. Two drops orbit with each other of the same size.

The centripetal force of droplet A illustrated in Fig. 6-17 is the resultant force
including the total effect of the surface tension on the liquid surface and the touching

force between droplet A and droplet B.

Fig.6-17 The force diagram of two droplets orbit with each other

The spinning motion for a cluster of four drops was also observed as shown in

fig.6-18.

t=0 |  t=Llls \ t=2.2s \ t=3.4s t=4.5s
Fig. 6-18  The spinning motion for a cluster of four drops
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(iv)Repulsion

The repulsive phenomenon of two drops is
not common. Two drops come close to each =0
other without touching each other then left away
as given in Figs. 6-19. The orbital and repulsive
interactions between two drops are so incredible. t=0.83s
(The closest
According the previous studying about ‘walker’ distance)
[4-5], the author demonstrated that walkers can
behave as billiard balls, undergo scattering
collisions or form circular orbits. The t=1.36s
mechanism of the orbital or repulsive motion for
“mover” should be analogous to the walkers.
Finally we made comparisons between 1=2.36s
‘mover’ and ‘walker’ as follows.
Fig. 6-19 The repulsion between
two droplets
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Comparison

Walker
The oil droplet in the studies[4-5]

Mover
The water droplet in this
experiment

Similarities

When the forcing amplitude is
increased just below the Faraday wave
threshold, the bouncing oil drop
becomes a ‘walker’ propagating at a
constant velocity on the interface.

When the forcing amplitude is over
the Faraday wave threshold, the
oscillating water drop becomes a
‘mover’ traveling at a near
constant velocity on the liquid

surface.

When two walkers approach each
other, they formed orbital or repulsive
motion.

When two movers approach each
other on the vibrating surface, they
formed orbital or repulsive motion
as well.

Small Clusters of bouncing oil droplets

‘[can form spinning motion.

Small Clusters of water droplets
can form spinning motion as well.

The period of the orbital motion is

"longer as the orbital radius extends.

The period of the orbital motion is
longer as the distance of the

movers widens.

The walker’s deformation can be
neglected because of the high viscosity

“land small volume.

The mover forms significant
deformation on the surface wave
because of the low viscosity

Differences |2.

Two walkers can have either the same
or opposite bouncing phases in orbital
motion with distance apart.

Two droplets form orbital motion
in the same oscillating phase
without distance apart.

.|Observed the diffraction, interference

and orbital quantization phenomena.

Not Observed the diffraction,
interference and orbital

quantization phenomena.
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VII. Conclusion and Applications

1. Lifetimeinfluenced by the mechanism and variables of floating droplets on

quiescent water surface

(1).The main mechanism of a floating droplet could be referred to the existence of
the air cushion trapped between the opposing surfaces of a droplet and a water

surface.

(2). Better life time conditions were concluded by statistical data of the

experiments with different variables.
2. Floating dropletsinfluenced by the wind-blown water surface

(1).The life time of the floating droplet could be significantly lengthened by wind
because the air cushion could be replenished by the wind, leading to a delayed

coalescing process.

(2).The smaller droplets moved faster than the bigger ones regardless of the wind

speed.

(3). Distributions of the same-sized droplets moving speed were found to be

centralized under stronger wind, otherwise under less strong wind.
3. Physical phenomena related to the vertically vibrating liquid surface and
thefloating droplets

(1). The life time of floating droplets on the vibrating surface was longer than

those on the static surface.

(2).The floating droplets randomly dropped on the wave crest or the wave
trough. Little rule change relation was found between the life time and the

vibrating frequency or the surface vibrating acceleration.

(3). Motion of the floating droplets on the vibrating water surface included

oscillation, back and forth translation, proceeding and bouncing.

(4). The droplets would proceed on the water surface as the vibrating acceleration

exceeded the threshold value yet did not turn the surface into chaos. When the
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vibrating frequency of the water surface equaled to the natural oscillating

frequency of the droplets, the threshold value was minimum.

(5). When proceeding on the vibrating water surface with different forcing

frequency, the droplets presented different modes of oscillation. Mode
Y, (m #0) is found to decrease the translating ability of the droplet.

(6). Coalescence, bouncing off, orbital motion and repulsion were observed when

two droplets approached each other on the vibrating liquid surface.

These surprising findings in the experiment could lead to improve applications
in diverse fields including micro-fluid, chemistry, biology and pharmacy manufacture.
The wind blowing (suitable for large scale as ocean) and vertically vibrating liquid
surface (suitable for small scale as laboratory) can deliver droplets on the liquid
surface. The study in this experiment could give some directions to manipulate the

droplets’ motion on the liquid surface.
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Appendix:

Discussions of floating droplets’ life span under different conditions

In the experiment procedure, the temperature was controlled in 29 +1.0°C
approximately. The life time of the floating droplet with different variables as the height
it being released from, the size of the droplet and different concentrations of detergent
solution were measured respectively. According the statistic results, we tried to find out

the optimal conditions for water drops sustaining on the quiescent liquid surface.

According to the results from figures A-1 and A-2, a large drop sustained longer
than a small one on the quiescent liquid surface under the same condition because of the
sufficient air cushion between the large drop and the liquid surface. The life time of the
drop could be prolonged on the surface with detergent solution. The existence of the
surfactant would decrease the surface tension and make the liquid surface more elastic
as given in Fig.A-3.The optimal conditions for water drops sustaining on the quiescent
liquid surface were released at a height of 1cm, the bath with 0.1% detergent solution

from the results of figures A-1 and A-2.
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Figs. A-1  Probability distributions of the life time for a drop (volume
0.056ml) on the surface of the 0, 0.1% and 1% detergent solution at
different released heights.
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Figs. A-2  Probability distributions of the life time for a drop (volume
0.056ml) on the surface of the 0, 0.1% and 1% detergent solution at

different released heights.
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Figs. A-3 The diagram of surface tension varies with the
concentrations of the detergent solution
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