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I*I 4 Unsinkable Disk

“A metal disk with a holeat its centre

sinksin a container filled with water.
When a vertical water jet hits the centre
of the disc it may floaton the water
surface. Explain this phenomenon and

investigate the relevant parameters.”
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Problem Statement

“A metal disk with a holeat its centre sinksin a container filled with water.
When a vertical water jet hits the centre of the disc it may floaton the water

surface. Explainthis phenomenon and investigate the relevant parameters.”

Parameters:

Jet speed

Jet diameter

Hole radius

Disk radius

A N e

Disk mass
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Overview

. I Introduction

Reproduction of the Phenomenon, Qualitative Explanation

Experimental Setup
2 Measurement Devices, Calibration, Camera Views
Theoretical Mode/
8 I Flow Dynamics, Hydraulic Jump

Key Parameter Interactions
4 Effects of Varying Physical Parameters

Conclusion
5 Further Insights
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Phenomenon Cases

The Unsinkable Disk has

two distinct cases

Case 1:

Hole Radius > Jet Radius

Case 2:

Hole Radius < Jet Radius

Introduction Experimental Setup Theoretical Model Key Parameters Conclusion
| | | | ]
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Phenomenon

Vertical Water Jet

Hydraulic Jump
on Boundary

£ Disk Floats

Disk Normally Sinks

¥

" - -

il =
;

Disk Normally Sinks & R

Disk Floats

Bubbling Beneath Disk

Introduction Experimental Setup Theoretical Model Key Parameters Conclusion
| | | | ]
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-xperimental Setup

Experimental Setup Theoretical Model Key Parameters Conclusion
| | | ]
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-Xperimental Setup

Black Backdrop

Experimental Setup Theoretical Model Key Parameters Conclusion
| | ]
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Pump

Up to 3260 mL/s

Experimental Setup Theoretical Model Key Parameters Conclusion
| | | ]
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-low Meter

Flow Meter
... ‘ﬂ&

Volume Flow Rate vs. Pulse Count

Il -.319 x Pulses/s, £0.7%

200

=

L

o
1

e Flow Rate (mL/s)

Pulse Counter with Arduino 0 20 ot o0 80
ulses (#/s)
Experimental Setup Theoretical Model Key Parameters Conclusion
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Nozzles

Controlled jet radius change

0.375in.—0.200in. diameter

Experimental Setup Theoretical Model Key Parameters Conclusion
| | | ]
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Disks

Clay to close

Clay to vary disk mass

Experimental Setup Theoretical Model Key Parameters Conclusion
| | | ]
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Theoretical Mode

Theoretical Model Key Parameters Conclusion
| | ]
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heoretical Model

@ Flow Dynamics (hole>jet)
Force Analysis, Jet Effects, Empirical Model

Hydraulic Jump (jet>hole)
Impinging Force, Archimedes’ Principle, Empirical Model

Theoretical Model Key Parameters Conclusion
| | ]
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-ree Body Diagram

Flow Dynamics
]

F, = Force of gravity
F; = Force of jet
F, = Buoyant force

F; = Force of surface tension

Equilibrium necessary to float:

F,—F,—F,—F =0

Hydraulic Jump

14
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Geometry

Flow Dynamics
]

Terms:

1, = nozzle radius

1 = jet radius

1, = hole radius

R = disk radius

T, = disk thickness

d = nozzle height

Q; = volume flow rate

Hydraulic Jump

15
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Assumptions

© OO

Jet does not collide with edges of disk

Jet remains vertical, centered, and at constant velocity

Tank is large enough to neglect wave effects

Water is incompressible

Flow Dynamics Hydraulic Jump
| |

16
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Jet

17

—OrCeSs

Decompose jet forces into two components

v

o, - =

Opposing flow through hole Additional vortices and gas
Through Bernoulli’s equation: Through continuity:

1
Potm H £9T 4 =|Patm|H pgx|+ E'sz TR%x = nrév

x =+29(Ty — x) (%)2

Flow Dynamics Hydraulic Jump
| |
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Potential Flow

For disks that barely dense enough for sinking, jet flow only opposes potential flow

vV=x= \/Zg(Td —x) (%)2

Calculating minimum flow rate needed

v

from v:
/1A | 0 =t = (2]

@ Additional jet forces must be present for heavier disks

Flow Dynamics Hydraulic Jump
| |
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Vortices and

19

urbulence

W] e
\Zo);?iiil ( <—r— 52::,7“0/
2
Shear layer CP Velocity
< "> .W profile

We calculate:

Velocity diffd .

surrounding
vortices (Kel

nce and
i“tY)

J

- -
AV} o\
#  He

".
Momentu e
entrainmepteatse
bubbling ahd shear

o

A

Kooy
e
e v
T——

A P Yoy .
4 ' ot s o s

. K ! o - = e <

EP GRS WWr ; ~

. s

L

@ Complexity of combined jet forces requires empirical modelling

Flow Dynamics

Hydraulic Jump
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-mpirical

—Orce

20

-leld

Consider upwards forces applied to disk
by jet as a non-uniform pressure field
over area

P(R, v]-,r]-)

R
F; :an P(R,vj rj)rdr
Th
—
Area integral yields overall Q;

force acting on disk

Flow Dynamics
]

Experimentally isolate
each parameter to

visualize pressure
field

Hydraulic Jump
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-orce Measurement System

1 Load CeIIs !
- 4 |

Jad

G

F=aF +ayF, +(

@ Precise force data for empirical model

Experimental Setup Theoretical Model Key Parameters Conclusion
| | | ]
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—mpirical Force

all!

Jet Force vs. Disk Radius Fit

0.8

Force (N)
o o o
U (@) ~

o
B
1

0.3 -

—— Fit force
Measured force

22

0.2
0.00

0.01

0.02 0.03 0.04
Radius (m)

Flow Dynamics
]

0.05

0.06

0.07 0.08

Hydraulic Jump
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-xperimental Verification

Measured mass
Theoretical mass

23

Equilibrium Equation
Fy—F,—F,—F =0

100 120 140 160 180
Flow Rate (mL/s)

Flow Dynamics Hydraulic Jump
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heoretical Model

@ Flow Dynamics
Force Analysis, Jet Effects, Empirical Model

Hydraulic Jump
Impinging Force, Archimedes’ Principle, Empirical Model

Theoretical Model Key Parameters Conclusion
| | ]
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Geometry

Terms:

nozzle

Q = volume flow rate
m = mass flow rate
r = radius

v = fluid velocity

h = fluid height

d = nozzle height

p = radial coordinate
m = mass

Flow Dynamics Hydraulic Jump
] |
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-ree Body Diagram

kg
\4

Fq
\4

F, = Force of gravity
F, = Impinging force of jet
F, = Buoyant force

F, = Force of surface tension

Equilibrium necessary to float:

F,+F,—F,—F, =0

Hydraulic Jump

26
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Hydraulic Jump o= [

The Hydraulic Jump occurs in the
transition region.

Depth (h) will rapidly increase and the
jump will occur just beyond radius of
disk

Flow Dynamics Hydraulic Jump
] |
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Additional Force

Terms:
F, = impinging force
F, = force of gravity of water

New force equilibrium equation:

2nRy cos(0) |+ pgV|=|mg |+ |E, |+ F,
Surface  Buoyant Force Water Weight
Tension Weight Impinging

Force

Solve For E,, F, andV

Flow Dynamics Hydraulic Jump
] |
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Narrowing Jet

The dimensions of the jet will change after
accelerating for distance d

Use Bernoulli’s Principle to find velocity:

v = \/vﬁ + 2gd

Use Continuity to find radius:

29

nozzle

jet

Hydraulic Jump
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Hole Flow Rate

In order for the system to be continuous, the
flow rate escaping through the hole must be
found.

Due to the indent in the disk for stability, this
is very hard to model.

We will rely on an empirical fit

Th
0,(0;,,—
h( ] 7‘])

Hydraulic Jump
|

30
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Hole

-low Rate

Flow Rate Through the Hole vs. Hole Area

40 A

35

30 A

25 A

Resulting Flow Rate (mL/s)
N
o

Fit force
Measured force

0.0

0.5 1.0 1.5 2.0 2.5
Hole Area (m™2) le-5

Hydraulic Jump
|

31



OYPT 2022

Impinging Force

To find the force of the jet hitting the plate,
we can solve for linear momentum. Using
the previously fitted mass flow rate through
the hole

Fa = ‘mjv] - Ti’lhvh
_ .2 2
Fo = vji pA; - vi,pAp

F, = p(Qjvj — Qpvp)

Hydraulic Jump

32
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Impinging Force Experimental

Using Force Measurement System

Impinging Force vs. Total Flow Rate

Impinging Force (N)
o o o o o o
w BN o (@)} ~ oo

o
N
1

©
=
]

Theoretical force
Measured force

80 100 120 140 160
Flow Rate (mL/s)

Hydraulic Jump

33
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Water Weight

Similar to the Jet Force Field, we can find h; as a func
area integrals to find water volume.

h1l vs Radial Coordinate p

0.0010 A

0.0008 A
Assuming the Hydraulic Jump Radius is larger than =

the disk radius, we can derive an equation for - 00006
height from energy conservation and continuity: 0.0004 -
3 0.0002 A
(Qj — Q)2 , . . . . .
hl - 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
p2m Q4% +294) — Quv
(0~ 0)°
R 2
Q; — Qn
v=2n [ h)dp = ’ (R—-1)
g Q@R+ 290) - Qv
Fy = pgV

Hydraulic Jump
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Buoyant Force - Range Sensor

Buoyant force « the depth of the disk

below the water surface (h,).

Fy = pgV = pg(nR* — nriy)(hy+Ty)

R " .
< > 2 Specifications:
I VL6180 Time-of-Flight Range Sensor
__________ 1 T, 0.000m —0.250m £ 0.0005m

To measure change in height of the disk

Experimental Setup Theoretical Model Key Parameters Conclusion
| | | ]
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Height Solution

Applying the equilibrium equation, Equilibrium Equation
we predict a value h, and compare
to the Range Sensor Data 2mRy cos(0) + pgV =mg + E, + F,

Depth Below Water Surface of Disk vs. Flow Rate

0.012 A

——— Theoretical h2
Measured h2

0.010 A

% 0.008 A el
Y
< 5 T o . JEEE
500 I
o 2
< 0.004 |
0.002 -

80 100 120 140 160
Flow Rate (mL/s)

Hydraulic Jump
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Key Parameters

Conclusion
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Key Parameters — Flow Dynamics

Jet Force Mass

Float Sink

Introduction Experimental Setup Theoretical Model Key Parameters Conclusion
| | | | ]
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Jet Force vs. Flow Rate

0.450 - Measured force

0.425 - Fit force
Fi/q = 0.0021

0.400 A

0.375 -

0.350- \ ]

0.325 ~

Force (N)

0.300 A

0.275 A

0.250 A

80 100 120 140 160 180
Flow Rate (mL/s)

Key Parameters Conclusion
| |
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Jet Force vs. Disk Radius

©
N

O
o

Force (N)
o
on

/
L
F,

0.4
0.3 A < >
R
0-2 I I 1 I 1 I I
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Radius (m)
Key Parameters Conclusion
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Maximum Mass vs. Flow Rate

0.14 -
0.12 -
0.10 A
o
7 0.08 | D
(V)]
(V)]
§ 0.06 A
. l Q;
0.041 I .
m
0.02 A Measured mass
Theoretical mass
0.00 . . . . .
80 100 120 140 160 180
Flow Rate (mL/s)
Key Parameters Conclusion
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Key Parameters — Hydraulic Jump

Buoyant Force Impinging Force

Introduction Experimental Setup Theoretical Model Key Parameters Conclusion
| | | | ]
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Impinging Force vs Flow and Hole

—0.2 1 .
® [

—0.3 A ® .
= "~
3 —0.4- e . j
(@)
L
> —0.5 1 ]
fe)
C
‘2 —0.6 -
£

—0.7 1 4.752mm Hole

6.305mm Hole
—0.897 e 6.9663mm Hole

90 100 110 120 130 140 150 160
Flow Rate (mL/s)

Key Parameters Conclusion
| |
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Disk Depth (buoyancy) vs. Flow Rate

- Theoretical h2
Measured h2
0.010 A
— e
- e
v d
» 0.008 - i
- v
c
£ 0.006 ~
a) 1 Q;
< 0.004 I
o
0.002 A
80 100 120 140 160
Flow Rate (mL/s)
Key Parameters Conclusion
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—urther Insights

FFt of Jet Force Time Data

le7/
0.4
035 4 - 4’
N
0.3 -
_ 31
£ (]
025 O
S 2
o
02 € 21
<
0.15
1
0.1
80000
"AA NN N e
0 200
1 1 1 1 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency (Hz)

Key Parameters Conclusion
| |
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Conclusion

“A metal disk with a hole at its centre sinks in a container filled with water. When a
vertical water jet hits the centre of the disc, it may float on the water surface. Explain

this phenomenon and investigate the relevant parameters.”

Controlled experimental setup

Experimental Setup

Force Measurement
Systemn

’ Black Backdrop
!|n- = = | —

|

specifications:

NGITEN Water Flow Sensor
1t /min - 300 min
Counter with Arduino

Experimenta Satup Thearetical Moded Key Parametars Conclusion

Conclusion
|
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Conclusion

47

“A metal disk with a hole at its centre sinks in a container filled with water. When a

vertical water jet hits the centre of the disc, it may float on the water surface. Explain

this phenomenon and investigate the relevant parameters.”

| Thorough theoretical model for both cases

IYPT 2022

Empirical Force Field

Consider upwards forces applied to disk

T by jet as varying pressure field over area
Ve R
.= P(R .7}

R
2n f P [ dr
h
=
Area integral yields overall
Sforce acting on disk

Experimentally iselate
each parameter to
wisualize pressure field

Flaw ynamics Hydraulic Jump

IYPT 2022

Water Weight

imilar to the et Force Field, we can find hy as a function of radial coordinate pr and toke
area integrals to find water volume.

Assuming the Hydroulic Jump Radius is lorger than
the disk Rodius, from energy conservation and
continuity, we derive an equation for height.

hy =

a
(@ —@)?

p2m (0 + 20d) - Qo

Conclusion
|
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Conclusion

48

“A metal disk with a hole at its centre sinks in a container filled with water. When a

vertical water jet hits the centre of the disc, it may float on the water surface. Explain

this phenomenon and investigate the relevant parameters.”

Varied key parameters with experimental verification

IYPT 2022 53

Key Parameters — Flow Dynamics

Disk Radius

Flow
Rate

Sink or Float

= Positive Correlation
—— Mapativa Correlation

Key Parameters Conclusion

IWPT 2022 56

Key Parameters — Hydraulic Jump

Disk Radius

Sink or Float

= Fositive Caorralation

= Megative Correlation

Conclusion
|
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Appendix B: Consistent Force Measurement

Jet Force with 15 Flow Rates vs. Time

0 10000 20000 30000 40000 50000 60000 70000 80000
Time (ms)

¢ 101 102 <103 - 104 105 <106 o107 108 109 <110 111 112 113 - 114 - 115

Appendix
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Appendix C: Flow Meter Code

void loop() {
interrupts(); //Enables interrupts on the Arduino
if (restart == true){
ini_time = micros();
restart = false;
}
if (count >=5){
time_elapsed = micros() - ini_time;
flowRate = 1000000 * count * slope / time_elapsed;
Serial.print("flow rate: ");
Serial.print(flowRate);
count = 0;
restart = true;
}
}

Appendix



IYPT 2022
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ndix D: Temperature and
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Density
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Appendix F: Stability Analysis

@ Jet does not collide with edges of disk

Uneven force distribution from un-centered flow causes torque on one side of

disk.
Causes higher edge of disk to shift towards stream, correcting back towards

steady state

Appendix
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Appendix G: Torque Calculation

From previous calculation of force colliding on
disk:
F, = vipnrj,, — v3pA;
['=7orr X Fy = 155 F,sin90°
IfT > Ty + I, disk will tip over and sink

Critical condition:

TofrFasin90° = RF}sin90° + RF;sin90°

Toff Scales linearly with disk radius

RFy, + RF;
Toff =7 F,

Appendix
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Appendix H: Laser Mount

Long Exposure Image

Specifications:

PLA printed 70 degree mount

Long Exposure Images remove turbulence from image

To measure radius and visualize hydraulic jump

Appendix
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Appendix |: Surface Tension, Density, Pressure

aﬂd V|SCOS|ty From literature, @ 20.9°C:
= 0.0435 N
Yy = V. m
0 =67.7°
Water
(Biresaw & Carriere, 2001)
kg
‘ p=9982— ‘
(SImetric, 2015)
= yl
Pe, = 101.325 kPa

(Engineering Toolbox, 2004)

| u=09775-10"3Pa-s |

(IAPWS, 2008)
Appendix
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Appendix K: Bernoulli Assumptions

@ Inviscid Fluid
@ Steady fluid flow

@ Fluid is incompressible

Appendix

62
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Appendix L: Calculating Reynolds
Number

vL
pe = PY-

U
p = density

v = flow speed
L = characteristic linear dimension

U = dynamic viscosity of the fluid

Re: 25000 — 35000

Appendix

63
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Appendix M: Measuring Physical

Flow Meter + 0.7% Skg Load Cell + HX711 Amplifier

VL6180 Range Sensor: £ 0.5mm Digital Caliper £ 0.02mm Canon EOS 100D — DSLR Camera

Appendix
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