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Dancing water droplets

It is always fascinating to see water droplet’s dancing around on a Japanese teppanyaki hotplate
surface. The water usually does not evaporate immediately, but form interesting shapes, dance
around and follow by evaporation of gaseous water and disappear. In this experiment, we designed
a very simple experimental set-up to observe the little water droplets dancing on a heated hotplate.
A homemade stainless plate and a small heater attached to the plate, and a thermal couple was
assembled. With this simple setup, we observed the variation of water droplet’s shape as a function
of the hotplate temperatures. The temperature of the water droplets, the duration of the water on the
hotplate, and the shape number were measured. The shape formation mechanism was proposed. We
found when the water droplet was subject to high heat due to the contact of the surface and the
hotplate, the abrupt evaporation of the water molecules and violent vibration cause the formation of
the various shapes to reach thermal equilibrium; the number of the shapes and the oscillation can be

described by Laplace’s equation, r(€,¢) =R+ ch cos(@, t) p, (cosd) . Using a high-speed camera,

we found the higher the temperature of the water, the more variations of the water droplet shapes
can be observed. In addition, at a certain temperature range, the number of the water shapes did not
change, suggesting a similar phase transformation behavior on the shape formation.
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A. Introduction

A1. Motivation

When a Japanese teppanyaki chef pours some water on the hotplate, it is interesting to
see that some of the water does not evaporate immediately. Some of the water forms
droplets and bouncing on the plate between the delicious foods. Motivated by this
observation, we decided to use a simple setup to reproduce and examine these
interesting phenomena, and tried to understand the science of these dancing water
droplets.

A2. Other’s work

Holter used a hotplate and observed the behavior of the droplets on a heated plate in
1954 [1]. Later, in Morihiro Okada and Minoru Okada’s research [2]” Observation of the
shape of a water drop on an oscillating Teflon plate”, they used a oscillating Teflon plate
to vibrate the droplets in the room temperature. The behavior of the droplets on the
Teflon plate was similar to our observations described below. The droplets would also
oscillate and transform into various shapes. However, droplets in our experiments
oscillate with their own natural frequencies and in various temperatures. In Morihiro
Okada and Minoru Okada’s study, the oscillation frequency of the droplets was based
on the principle of Rayleigh’s equation [2]. Rayleigh’s equation is used to describe the
relation between the oscillation frequencies and the radius of a sphere. However, we
discuss water droplets with various shapes. Gravity plays an important role in our
cases.

A3. Background

The Leidenfrost effect is a phenomenon in which a liquid, in close contact with a mass
significantly hotter than its boiling point, produces an insulating vapor layer which keeps
the liquid from boiling rapidly. It was named after Johann Gottlob Leidenfrost, who
discussed it in “A Tract About Some Qualities of Common Water”in 1756 [3]. We can
easily observe the Leidenfrost effect in our experiment. As the temperature of the
hotplate goes above 100 °C, the water drops hiss on touching the pan and evaporate
relatively quickly. Later, as the temperature goes past the Leidenfrost point, the
Leidenfrost effect comes into play. This time, they bunch up into small balls of water
and lasting much longer. This is because, at temperatures above the Leidenfrost point,
when water touches the hot plate, the bottom part of the water vaporizes immediately
on contact. The resulting vapour actually suspends the rest of the water droplet just
above it, preventing any further direct contact between the liquid water and the hot
plate and dramatically slowing down further heat transfer between them. This also
results in the drop being able to skid around the the hotplate on the layer of gas just
under it. The temperature at which the Leidenfrost effect begins to occur is not easy to



predict. Even if the volume of the drop of liquid stays the same, the Leidenfrost point
may be quite different with a complicated dependence on the properties of the surface
as well as any impurities in the liquid. The Leidenfrost point may also be taken to be the
temperature for which the hovering droplet lasts longest.

A4. Our work

The motions of water droplets on top of a hotplate have been studied using a high
speed camera. Our experiment is not only the observation of different shapes of the
moving water droplets, but also the analysis of their frequencies in different shapes and
radius. We used a simple setup to find out the conditions such as temperature of the
hotplate and the volume of the droplet for the formation of an oscillating drop. In
addition, the relation between the shapes of droplets and their oscillation frequencies,
radius and the temperature of the plate are studied. As will be shown below, our data
can be described by a form derived by Rayleigh for an oscillating sphere. We also find
that there are two oscillating modes for a droplet with the same radius and same shape.
The latter observation might be related to period doubling route to chaos [4]. Finally, the
Leidenfrost effect has been verified in our experiment and can be described by
lubrication theory [5].

A5. Goals

The scientific goals of our studies are:

1. To find out how temperature and size affect the formation of a droplet and to
investigate the lifetime of a droplet under various conditions.

2. To investigate the shapes of the droplets and their relationship to the oscillation
frequencies, radii and temperatures.

. Experiment

The setup of the experiment is very simple, as showing in Figure 1. It is consisted of a
power controlled hotplate and a stainless steel plate. Temperature of the hotplate is
measured both by thermal couples and an infra-red camera.



B1. Apparatus

The following is the list of the equipments:

Stirrer Hotplate(Corning)

Fujinon corporation 1:1.4/16mm HF16HA-1B
Dropper and Erlenmeyer flask

The venier caliper

A homemade kickstand

Stainless platex2 (19.7cmx16.3cmx0.1cm)
Thermal couples (K/J type)

Stopwatch

© N OREWON =

f : . ' Drppper

Figure 1. (a) The basic setup in the experiment. (b) A high speed camera. (¢) An Infrared camera

To start an experiment, the hotplate is first setup to a target temperature by the power
control and the measurement from thermal couples. Next, a known amount of water is
added to the hotplate by a dropper. The motion and the shapes of the droplets on the

hotplate are then recorded by a high speed camera. The following is the experimental
procedure:

B2. Experimental Procedure:

1. Modification of the stirrer hotplate: The original ceramic plate of the hotplate was
removed and then a stainless plate (19.7cmx16.3cmx0.1cm) was attached on the
heater to create the condition for teppanyaki plate, as shown in Fig.1 above.

2. A thermal couple (K/J type) is used to measure the temperature of the plate which
can be controlled.

3. The volume of the droplet is controlled by the number of drops of the distilled water
delivered by a calibrated dropper.

4. The lifetime of the water droplets on the hotplate is recorded using the stopwatch.

5. Using a high speed camera, we can record and analyze the motion of the droplet
frame by frame, the way water droplets oscillate and also the oscillation frequencies
of the droplets.



6. By calibrating the pixel size of the frame with a venier caliper, we can measure the
size of the droplets using the computer software Photo Impact.

7. The temperature of the droplet is monitored by an infra-red camera and thermal
couples.

B3. Digital Image Processing:

The images captured by the high speed camera contain the information for the vibration
and shapes of the droplets. The software “Photo Impact” is used to measure the
physical parameters of the droplets such as: its radius and vibration frequencies. The
following is the procedure for such measurements:

a) Measurement of droplets radii
1)Use a high speed camera and take pictures of the
oscillating droplets on top of the hotplate at a fixed position.

2) Then take another picture of the hotplate with a ruler on top /-._.-\
of it at the same position as in Step1). ) R’
3) By the help of the software “Photo Impact”, two circles can be \oé

drawn on for a droplet as shown (R1 and R2). where R1 and .
Figure 2. The
R2 corresponds to the larger and the smaller circles as shown  definition of
in Fig. 2. We define the radius of the droplet as R'= (R1+R2)/2.  radius.
The definition of the water droplet is depicted in Fig. 2.
4)R can be converted from pixels to cm by the picture of the
ruler taken in Step 2).

b) Measurement of the droplets’ oscillation frequency
1) Control the frame rate of the high speed camera to a proper speed.
2) Use the high speed camera to record a series of pictures of the oscillation drop. A
typical oscillation is illustrated in Fig. 3.
3) Count the number of the photos of a dancing drop for one period.
4) The period or the frequency of the oscillation can be calculated by using the
known frame rate.

Figure 3. A typical oscillation of a water droplet.



B4. Summary of Definitions used in this experiments

Temperature(T): The temperature of the heated plate.

Lifetime: The time the droplet stays on the heated plate e

R: Radius of a spherical droplet. (Fig. 4, left). &
R’: Radius of flat droplets. (Fig. 4, left). Figure 4. The definitions of
n: The number of the lobes of different shapes. radii for the two

Frequency: The oscillation frequency of the droplets (sec™). ggigﬁé;?apes of
e: The thickness of the vapor layer. (mm)

The working principle of our experiment can be summarized schematically by the following
diagram (Fig. 5):

Thermal
couple | Shape(Number of lobes)
/ Temperature(T) Lifetime

Radius(R') Height(H)

Infra- red
camera

.| Frequencies(w)

¥

High speed
camera

Figure 5. The flowchart of our experiment.

C. Results:
C1. Observations of the different Shapes

n = number of lobes
Figure 6. Different shapes observed with different size.



Using the high speed camera, we first found that the droplets on the hotplate will not
just bounce around. In fact, if a bigger droplet were added onto the hot surface, the
droplets would transform into non-trivial, but regular shapes. As can be seen in Fig. 6,
the larger the size of the droplet, the more lobes it contains. The size of the lobes
seems to be more or less constant, quite independent of the size of the drop. This
observation leads to the measured linear relationship between the drop radius and the
number of lobes. The photos below were taken by high speed camera (Fig. 6)

C2. Details of the oscillatory motions

Detailed motion of the droplets can be studied using a high speed camera. In the
followings, we take pentagon as an example. We observed that the droplet not only
change their shapes but also oscillate in time. When the lobes stretch out, the center of
the droplet will descend and vice versa. In addition, there are fluctuations on the
surface of the droplet while the droplet draws back its lobes to form a more spherical
shape. (Fig. 7)

C3. Temperature distribution

In order to check that the oscillation of the drops discussed above is not caused by the
non-uniformity of temperature of the hotplate, we have used an infra-red camera to
measure the temperature distribution of the hotplate as well as that of the drops. The
infrared images show that the temperature distribution of the hotplate is quite uniform.
However, the temperature distribution of the drop is not. It seems that the temperatures
at the lobes of the drop are higher than that of the center. In addition, the vapor layer
can be observed between the droplet and the hotplate. (Fig. 8)



Figure 8. Temperature distribution of the droplet and plate measured
by the infra-red camera shown as pseudo color.

C4. Lifetime vs. Temperature

The relationship between the temperature and the lifetime of the droplet on a heated

plate is measured via the following procedure:

1. We added one drop at each controlled temperature and recorded the lifetime of the
droplets as the time they survive on the plate in seconds.(Fig. 9)

2. We separately added 5, 10, 15 and 20 drops on the plate at different
temperatures as 350°C ~400°C -~ 450°C and recorded their lifetime and to investigate

the relationship between the volume of the droplets and the temperature of the
plate.(Fig. 10)

Leidenfrost point

T T T T
80 -
70 -
60 -
]
» 50+ -
(O]
£ 404 o\.\ .
— ( }
_uq_-’ 30 -
—l —o—0.04c.c. |
20 (1drop)
104 -
0 T T T T T T T

1
T — 7 — T 7 T 7
0 50 100 150 200 250 300 350 400 450
Temperature (°C)
Figure 9. The lifetime of one droplet as a function of the temperature of the hotplate.



Figure 9 shows the results of measured lifetime as a function of temperature. With the
help of the thermal couple, we find that when the temperature of the heating plate goes
up, the lifetime of the water due to evaporation does not always decrease as one would
intuitively think. Instead, when the temperature of the hotplate is higher than certain
critical temperature, the lifetime of the droplet suddenly increases. This critical
temperature is called the “Leidenfrost point”. When the temperature is above the
Leidenfrost point, a vapor layer is formed between the droplet and the hotplate;
insulating the heat transfer from the hot plate to the water drop. Thus the water can
survive much longer. (Fig. 9)

For the effect of drop volume on lifetime, our result is shown in Figure 10. We obtained
that the bigger droplet the longer is its lifetime on the plate. However, the equimultiple
volume of the droplet does not mean that the equimultiple increasing lifetime of the
droplet. As one can see in Fig. 10, at the same temperature of the multiple drops, the
lifetime does not increase in multiple. That tells us one thing. The height of the droplet
changes so that the contact area will not increase in multiple ways. The lifetime of the
droplet is proportional to the contact area of the hotplate.

I ' ) ' 1 4 ) ' I
209 v = 5drops
e 10drops ]
2004 4 A 15drops -
v v 20 drops |
180 -
A
0
o 1604 @ v o
E : :
L ® A
= 140 .
1204 ™ ¢
= | .
100 — 4
) L
T T T T T T T T T T T
340 360 380 400 420 440 460

Temperature(°C)
Figure 10. The lifetime of different volume of droplet as a function of the temperature of the hotplate.

C5.Temperature vs. Number of lobes

The relationship between the temperature of the plate and the number of lobes were
investigated by the following steps:
1) We controlled the temperature of the plate at 250°C, 275°C, 300°C, 325C, 350C,
375°C, 400°C, 4257C, 450°C and 475C.



2) Drops of different size were added to the hotplate controlled at these temperatures
for several times, and the largest number of lobes formed by the droplets at each
temperature was recorded.

24 ' ' ' ‘ o
20 | i
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Re)
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250 300 350 400 450 500
Temperature

Figure 11. The number of lobes as a function of the temperature of the plate.

As can be seen in Fig. 11, the number of lobes is proportional to the temperature. As
the temperature of the plate increases, the maximum number of lobes also increases.

The averaged observed radius of the drop as a function of lobes is plotted in Figure 12.
Note that the error bars are the standard deviations of the observed radii for a fixed
number of lobes.

I ' I ! I ' I ' I ' I
Equation y=a+ b*x N
Adj. R-Sq 0.9225
161 Value Standard E T
B Interce 0.109 0.0793 o
B Slope  0.141 0.01821
1.2 4 [ 4
—
e 1
S T o)
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o]
0.8 4 | -
- (o)
o 1
0.4 - ) -
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2 3 L) S 6 7 8
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Figure 12. The average radius of different number of lobes at different temperatures.



It can be clearly seen from Fig. 12 that the radius of the drop is proportional to the
number of lobes. That means the most important factor which determines the shapes of
a vibrating drop is the size of the drop.

C6. Temperature vs. Pressure of the vapor layer

We first observed that fort a given temperature of the hotplate, there is a maximum
volume above which no stable drops can be formed on the hotplate. When the volume
of the drop exceeds this maximum size, the vapor layer cannot lift the drop against
gravity so that the drop will be in direct contact of the hotplate and thus evaporate very
fast. To further study the properties of this thin vapor layer, we implemented the
following experiments.

We first investigated the maximum radius of the drop as a function of temperature of
the hotplate. The result is shown in Fig.13.
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Figure 13. The maximum radius as a function of the temperature of the hotplate.

The measured maximum R’ is related to the height of the drop if the volume of the
droplet is known. To calibrate the height of the drop as a function of measured R’, the
following experiment has been performed:

1) We smeared a thin layer of wax on the plate at room temperature to stimulate the
contact angle of the drop on the hotplate.

2) Known amount of water is added the hotplate to form drops with different size.

3) Heights of the drops can then be determined by the measured R’ and the known
volume added.
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Using the calibration curve (Fig. 14), we can re-plot the result of Figure 13 in terms of
height as Figure 15. (a) .
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Figure 15. (a) The height of the droplet as a function of the temperature of the hotplate.
(b) The pressure of the vapor layer as a function of the temperature of the hotplate.

From the height (Fig. 15(a)), we can calculate the pressure difference in the vapor layer
by using the equation of AP =pgH (Fig. 15(b)). In this figure, the pressure of the vapor
layer and also the height approaches a constant beyond 300°C, because the height of
the water has reached its maximum that can be supported by the surface tension of the
water.

C11. Radius vs. Frequency

When considering the vibration of a sphere in its natural frequencies, Rayleigh had
already developed an equation to describe the relationship among the frequency, the

number of lobes and the radius as:



W’ o 1

n(n—1)(n+2) :;XF

where o is the surface tension of water, p is the density of water and n is the number of
lobes in the pattern.
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Figure 16. Experimental data plotted in the form of the Rayleigh’s relation mentioned above.

In Figure 16, we have used Rayleigh’s form to analyze our experimental results. In
Rayleigh’s equation, w?/n(n-1)(n+2) is proportional to 1/R®. Therefore the slope in the
Figure is equal to o/p. So in Rayleigh’s prediction, the orange slope is 60 (cgs). But as it
can be seen from the figure, there seems to be two lines formed by the data. One line is
close to Rayleigh’s prediction but not quite the same. We are not surprised by this
result. In Rayleigh’s case, R used is in the radius of a sphere. But in our case, the
droplet is more like a Frisbee. So the radii used in the Figure are R’ (Figure 16) which is
different from Rayleigh’s R. In Figure 16 different colors are used in the figure for
droplets of different shapes (n). It can be seen that they are ordered by their radii. That
means when the radius of the droplet increases, the number of the lobes also
increases.



Finally, let us look at the other line which is not close to the prediction of Rayleigh. This
line forms a slope (my) of about 10 which is about 4 times smaller than m4. This means
that some of the droplets, with the same conditions such as the number of lobes and
the radius, can oscillate in two different ways such that the frequencies of the two

oscillating modes are related by a factor of two.

. Discussions

In this section, we will discuss our findings by asking ourselves a couple of questions
and providing them with some possible answers.

D1. How does a droplet sustain its oscillation?

There is a paper [1] that studied the motion of drops on a vibrating Teflon plate at room
temperature. Both the vibrating plate and a heated plate create the same phenomena
of the oscillating drops. However, in Ref [1], they used mechanical forces to oscillate
the drops but in our case, we only heated the drop. It can be seen that the heat
transferred into the drops creates fluctuations on the surface due to local heating.
Presumably, these surface energies are collected into the normal modes (natural
frequencies) of vibrations of the droplet.

Heat

Figure 17. The formation of the fluctuations on the surface of the droplet.

D2. Why are there two lines (slopes) in Fig. 16 ?

These two lines are vibration in different way in droplets of the same condition such as
the radius and number of lobes. The period of vibration is doubled in one of the modes.
This phenomenon can be observed more easily for smaller droplets. We have observed
that while the droplets getting smaller by evaporation, their motions are easier to be

influenced by the thermal instability and can become less regular or chaotic. It is known
that one of the processes for a periodic system to become chaotic is through the route



of “period doubling”. It is possible that our system is getting chaotic by “period doubling”
as the droplets are getting smaller.

D3. What can we learn from the dependence of AP on temperature?

The AP is created by the evaporation of water from the drop into vapor and this vapor
will support the weight of the droplet while it escapes. This process can be described by
using the lubrication theory to determine the thickness (e) of the vapor layer [3]. In this
model, a steady state is formed by the associating the heat transfer rate with the vapor
escape rate.

3
an «k AT _, 2me
TR =p AP
dt e
Evaporation  Heat Flow in the Figure 18. The formation of the vapor layer
rate fransfer vapor layer and the lubrication flow during

escape.

This leads to the determination of the vapor layer thickness, as a function of the given

Temperature as:

K = 0.032W/m/k : thermal conductivity of the vapor layer.
e : thickness of the vapor layer

l L =2.26 x 10° J/kg : latent heat of evaporation
3 K‘A Tn 4 l AP : pressure imposed by th§ drop.
e = R?2 n=163x10°Pas: vapor viscosity
2 L AP P = 05 kg!mﬁ: vapor density
P y p : liquid density

AT /e : temperature gradient
Figure 19 is the result of the measured thickness as a function of temperature from
Figure 15(b). The linear relationship clearly reveals that a higher temperature can

produce a thicker vapor layer, so as to support a large amount of water, as previously
observed.

1.4 - o .

1.2 - fo) -

0.6

o Heat
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150 ' 21;0 I Zéﬂ I 31;0 ' 3;0 I 400 ' 450
Temperature(°C)
Figurel9. The thickness of the vapor layer at different temperatures of the hotplate.



D4. Why does higher n occur only for large R’?

As mentioned above (Figure 6), the characteristic size of the lobes is more or less the
same. Therefore, the number of lobes can only be increased for larger drops.

. Conclusions

The dancing water droplet does not evaporate immediately because there is a vapor
layer beneath it.

The higher the temperature the thicker the vapor layer is, being able to support larger
water droplets.

The larger the size the more lobes it contains. The lobes have a characteristic size
consistent with the capillary length.

The dancing motion of water droplets consists of oscillations and rotations.

The oscillation is self-driven and operates in normal modes. This oscillation is
consistent with Rayleigh’s equation.

The observed dual frequencies for the same size and shape may be due to the “period
doubling” route to chaos.

F. Future work

In the above discussions, we have concentrated our observation on oscillations. However,
for some conditions, there are rotations of the droplets as shown in Figure 18. We find that
the rotation of the droplets is not caused by the asymmetry of the plate as the rotation can
be both clockwise and anticlockwise. Presumabily, this rotation is the result of some
self-induced instability of the system. We would like to investigate this self-induced rotation
of the droplet in the future.

Figure 20. The observation of rotation of droplets on the hotplate. Both clockwise and anti-clockwise

rotations can be observed as shown.
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