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Abstract

The research is to investigate in the motion of falling leaves in the air which were
substituted with small plastic circles in the water. The circles motion approached a
steady state after some period of the circles falling. Aluminum powder was added to the
water to observe the variation of the flow field while the circles moved, and a separating
model and the least time principle was proposed to explain the rotation of the circles.

We illustrated that the experimental and theoretical values are in a good agreement.
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The Water Waltz

Introduction

Investigating the motion of an object sinking in water is important to
deep-sea explorations, because the motion of a probe in water might
affect the data collected or even jeopardize the whole mission. We studied
the motion of circular disks falling in water, and found that under certain
conditions a stable periodic motion results. Based on our study, we also
propose a new improved method for deep-sea data collection.

Objectives

1. Describe the motion of falling disks.

2. Quantitatively clarify the parameters that affect the motion of the
disks.

3. Explain the motion of the disks.

4. Develop a theoretical understanding of the motion of the disks.

5. Come up with the applications of our project.

Methods
1. Experiment 1: Analysis of the falling disks

Cut out the circular disks from CD’s

v
Adjust the electromagnet
v
Use a screw nut to fix a disk
v
Adjust the camera
v
Release the disk

v

Record the motion of the falling disk
v

Use “Tracker” to analyze the motion
v

Calculate

v

X, Y, v, 0,w

1]
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Xc = position of the center of mass of the disk in the horizontal
direction

Yc = position of the center of mass of the disk in the vertical
direction

v = velocity of the center of mass of the disk

6 = angle between disk and the horizontal line

w = angular velocity of the disk relative to the center of mass of

the disk

2. Experiment 2: Observing the variation of the fluid while the disks
moved

Add aluminum powder to water
v
Adjust the electromagnet, camera
v
Release the disk
v
Record the motion of the fluid
v
Illustrate the variation of the fluid
Apparatus
Light illuminates obliquely
from the top
24“?1 Electromagnet
[l
A Camera
Glass Vat
31cm

Fig. 1 The setting of Experiment 1

2]
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Electromagnet

24cn]_l
L
A Camera

Glass Vat

31cm O

\

\Y
Light illuminates obliquely

Fig. 2 The setting of Experiment 2

Mirror 5 ‘
Disk Small Screw Nut

Fig. 4
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Results

Experiment 1: Motion of the falling disks

® The chart title explains the chart classification, disk radius and initial
release angle.

1. Motion of the center of mass of the disks

Xc-Yc (0.985 cm , 12 degree)
0
20 2 4 6
4 -,
E _6 L Y -
& 8 ) X A
v 10 A0 + Xc-Yc
S~ -12 $esa
-14 w”:::o:
‘16 wess s so st
-18
Xc¢ (cm)
Fig. 5
Xc-Yc (0.985 cm , 30 degree)
0
-2 0 2 4 6 8
-4 eo® st
s -6 g eesss
© -8 .’.0'¥
— A‘“‘
o 10 "+ + Xc-Yc
% _12 —v;.ﬁ-‘—”
-14 —’OQ_Q.L..?
-16 **
-18
Xc (cm)
Fig. 6
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+ Xc-Yc

Xc-Ye (0.500 cm , 48 degree)
0
2100500 05 1.0
- 4 Cfo‘ooooée"’.
E -6 ‘;3133*’
~ _8 ®e 04 e
-’ oo o
S -10 By
12 ",
-16
Xc¢ (cm)

0
-2 2 4 6 8 10 12
~ _g QOO’OOM
- PYYY 32 a0
g L iy
e’
Rt <§ P XeYe
-14 -
-16
-18
Xc (cm)
Fig. 8

Whatever the sizes or the initial angles are, the disks eventually

moved periodically in the horizontal direction.
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2. Angle between the disks and the horizontal line

0-t (0.985 cm , 12 degree)
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0-t (0.500 cm , 48 degree)
60
i
TR A d
P S
MR S : * : : * + Theta-t
3-%80 sl e 23 4
@' * o * o " v e
-30 . A 2
40 v v ¢ ¥
-50
t(s)
Fig.11
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Fig. 12
The angle between the disk and the horizontal line became periodic

after some time, irrespective of the size or initial angle. The amplitude of
the angular rotation is larger for disks with a smaller radius.
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Experiment 2: The time evolution of the flow field

1. Illustrations of the flow field
We used a disk with a radius r=0.985 cm for flow visualization,
and plotted out the flow pattern using the recorded videos.

® The red lines represent the projection of the disks. The size of the
disks is not drawn to scale.

® The blue arrows represent the velocity of the flow field. The size
of an arrow shows the relative speed of a fluid element in water.
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2. Features observed
i.  The water right beneath the disk developed a stagnation point,
and the flow separated from that point. The position of the
stagnation point changed with time because the disk itself had a
transitional as well as a rotational motion.
ii. Vortices were alternately generated near the two far edges of the
disk as it rotated and swayed periodically in the fluid.

Discussion

Mechanism of the motion

We divide the motion into five steps.
® In every figure, the red line is the projection of the disk, the green
arrow shows the velocity of the disk, and blue arrows stand for the

velocity of the flow.

1. At first, gravity pulls the disk down, and the disk acquires a

descending velocity (Fig. 20).

\ 4

Fig. 20

2. The water hits the disk with the same speed relative to the disk in the
opposite direction (Fig. 21). This tends to impede the falling of the
disk, and also imparts a horizontal force to the disk, thus inducing a
horizontal motion.

12
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\ 4

Fig. 21

3. In Fig. 22, when the water hits the disk, a stagnation point is created,
and the water stream separates on the left side. Because the speed of
the flow near the stagnation point is almost zero, the pressure at that
point must be larger. In addition, after the water separates into left and
right, the flow will pick up speed, implying that the pressure on the
two sides of the disk must be smaller than that at the separation point.
This asymmetry in pressure distribution creates a torque which makes
the disk rotate clockwise.

I:’smaller

Langer

I:’smaller

PsmaIIer

Fig. 22
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4. The clockwise-rotating disk now rotates to the orientation shown in
Fig. 23, because the flow hits the disk in the opposite direction of the
horizontal velocity of the disk, the horizontal speed of the disk
decreases. As time passes, the horizontal motion comes to a stop.

Uil

Fig. 23
5. In Fig. 24, the water separates on the right side, creating a
counterclockwise torque on the disk. The situation looks very much

like that of Step 3, except that the sense of rotation will be reversed.
Then the system just alternately repeats this pattern.

I:,smaller

er

PsmaIIer

PsmaIIer

Fig. 24
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Model equations for the falling disk

Set

f1 =The force vertical to the disk

fi =The force parallel to the disk

T =The torque on the disk

A =The area of the disk

r =The radius of the disk

m =The mass of the disk

p =The density of the fluid (=1000 kg/m” for the water in our experiment)

I. Some observations on the behaviorof f, , f, and t:

1. The variation of f,
i.  When the flow hits the disk vertically, as in Fig. 25, f,
attains its maximum.
ii. When the flow hits the disk horizontally, as in Fig. 26, f,
will be zero.
2. The variation of f
1. When the flow hits the disk vertically, as in Fig. 25, f; will
be zero.
1i. When the flow hits the disk horizontally, as in Fig. 26, f
will be zero.
iii. When the flow hit the disk obliquely, as in Fig. 27, there
exists a maximum f; for a certain angle.
3. The variation of 7
1. When the flow hits the disk vertically, as in Fig. 25, t will
be zero.
i1.  When the flow hits the disk horizontally, as in Fig. 26, T
will be zero.
iii. When the flow hits the disk obliquely, as in Fig. 27, there
exists a maximum 7 for a certain angle.
4. Due to the rotation of the disk, locally the velocity of a point on

the disk relative to the fluid is of order v + rz—z . This implies

that the torque experienced by the disk is a quadratic function of

15
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: de :
the variables v and T Thus, we expect toque to consist of

. de a6\ 2
three terms, each proportional to v?, v:r—, and (r—) ,
) prop
dt

respectively.
5. Empirically, we expect that
fxpv-v-A
TXpv-v-A-7r

Fig. 25

|

Fig. 26
Fig. 27
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II. Model equations

Fig. 28

Using the discussion above as a guide, we may setup a set of
phenomenological equations to describe the motion. Let m’ be the
effective gravitational mass of the disk in the fluid, and let m be its
actual mass then we assume the equations to satisfy

il = (—sinf,cosB), A’ = (cosO,sinh),

u=-7v,
dv ~ U '
mE ={C.fi— Cy(a-A)A'}A - A)pAu* + m'g,
d?o
=l
d?o de
IW = —CpAru?(G-A) (@ -A") — CpAriu(di - ﬁ)a
oA 3d9 d9|
BPAT e [de )

In the above, all the C;'s are positive constants, and ¥ is the
instantaneous velocity of the disk. In the above, we have also made
the approximation that the fluid can be treated as uniformly
impinging on the disk with a relative velocity u, which can be
approximated as the negative of the velocity ¥ of the center of mass
of the disk. Substituting © with —%, we then obtain

17
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i = (—sinf,cos ), i’ = (cosb,sinB),

dv
m—-={=C. =G A)A}HD- DpAv:i+m'g, (1)
d26 o ds
IW = —CppArve (D -R) (D - 7") + CrppAr-v(D - n)a
,do |do
3PAT I E| : (2)

III. Compare properties of model equations with experiments

Set
w = angular velocity
0, = the amplitude of the variation of the angles

® Apv’ ~m'gxrig
= v ~ constant (independent of disk radius 7)

1
°® Izzmrzocr4

.. 1
1. Prediction: w oc;

1. Proof:
Assuming that the vertical fall of the disk has a speed having
about the same order of magnitude of the rotational speed,

we have
vV~ wr

But since we have argued that v ~ constant, the result

follows.

ii. Experimental data:
r (cm) 0.500 0.985 1.500
w(degree/s) | 178° 108° 69°
rw 89.000 |[106.380 |103.500

Thus, the agreement with experiments seems fair.

-y 1
2. Prediction: @, x =

1. Proof:
Again, assuming a simple harmonic motion and that 8, is
very small, we have

18]
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0, ~ = Ilw?
10, ~ 5l

2
= —C,rApv?(D-A)(D-A') ~rt (;)

1
= 7302 «rt (—2)
r
>0, X —
SV
ii. Experimental data:
7 (cm) 0.500 0.985 1.500
0 37° 28° 25°
\r6 26.163 | 27.789 | 30.619

Again, the agreement with experiments seems good.

IV. Numerical integration of the model equations using Runge-Kutta

4™ Order method

To solve the model equations, we used Runge-Kutta 4™ order

method, and wrote a program in Visual Studio Express 2010. Then
we got the theoretical figures of X —Y and 6 — t. We set

C, = 0.5,C; = 0.005,Cy = 0.12,C;, = 0.5,Cr3 = 0.5 then we

obtained results as shown in Fig. 29 and 30.

Xc¢ (cm)

Xc-Yc (0.985 cm , 30 degrees)

+ Xc-Yc¢

Fig. 29
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0-t (0.985 cm , 30 degrees)

Q * Theta't
-20

0 (degrees)

t (s)

Fig. 30

The gross features of the theoretical results are similar to those
observed in the experiments, and the order of magnitude fits as well,
suggesting that our model must have correctly captured certain
physics properties relating to the motion of the falling disks in the
water.

Application

The world is experiencing rapid climate change. Science currently
measures atmospheric change and sea surface variations to determine the
reasons and speed of the change; however, we propose that time
evolution of deep-sea properties needs to be included in climate change
research. This is because human pollution sinks to the bottom of the sea,
impacting ocean properties which interact with the atmosphere and
change the climate.

Deep-sea exploration in manned submersibles can be quite dangerous
to human investigators due to the technology now has power and air
limitations, both critical for human survival. Currently methodology is
often robotic, but challenging is that the present technique is hard to make
a battery to afford long trip to the deep sea .In addition, sea ions break
wireless transmission. Instrumentational collection is possible only if the
apparatus can return to the surface intact for data examination. Today’s
technology is not capable of exploring the ocean’s depths without a
million dollar budget.
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We came up with a new method of deep-sea exploration to achieve
time evolution observation of deep-sea properties in a cost-effective and
energy-saving method. The idea is to put the detectors in airtight balls
then place them in a heavier disk-shaped object for their deep sea journey.
As the disk-shaped object descends, it can open in two possible ways.
One is the oceanic pressures that will cause the object to break when it
reaches the point that it can no longer bear the stress of the ocean’s depths;
and the other way is to use a pressure sensor and a microcomputer to
open the object by some control mechanism. Then, the equipment
enclosed in the balls is released and floats back to the surface, and the
deep-sea properties data can be collected.

Our method of deep-sea exploration has many advantages:

1. It has very good stability. Because a disk descending in water can
achieve a steady state. Even if something influences its motion, it
will be back to a steady state in a short-time interval. This is
shown in our experimental and theoretical results.

2. The stability of the equipment can be improved if we modify the
radius of the disk-shaped object such that the amplitude of the
rotation, while in a steady state, can be very small.

3. Deep-sea properties can be detected at a specific position. In the
circumstance of a side stream, compared with other shapes such
as the shape of a ball, the disk shape of the probe has a motion
that tends not to be overly affected by the side stream.

4. Energy consumption is greatly reduced because our method
doesn’t need as much power as other AUV (autonomous
underwater vehicles) or remote ones to control the motion.

5. Money talks and in comparing our probe with other underwater
submersibles, our method only costs pennies when evaluated
against the current mega million budgets. This makes it possible
for use by every university, research institute, and government.
It’s very cheap so it can be used frequently to observe the time

evolution of the deep sea.
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Conclusions

l.

The center of mass of the disk eventually moved periodically in the
horizontal direction.

The vertical motion of the center of mass of the disk had a periodic
motion superimposed on a terminal speed.

The angle between the disk and the horizontal line varied periodically,
with the amplitude being greater for a smaller disk.

Our model equations seem to have captured the basic physics of the
system.

Based on this study, the method we have developed can be used to
improve the deep-sea exploration techniques.
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