Problem No.8
Rippled water columns

Reporter: Artem Sukhov Team of Russia

International Physicists' Tournament 2020

When a vertical water jet hits a surface, ripples
may appear. If certain conditions are met, the
ripple structure is pronounced, steady and
very reproducible. Describe the phenomenon.
What properties of the fluid and the flow can
be deduced from the observations?
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ldentification of the investigation area 2
First observations:

[ Investigated ripple structure J

Capillary waves?

7

Experimental part

\ s

Plateau—Rayleigh instability

Qualitative explanation

Ripples reproduce well with
a Reynolds number Re~100
The shape of the ripples is
independent of the
obstacles that it encounters
Ripples also form at a
height where it almost
breaks up into droplets
Closer to the obstacle -
more pronounced and has
less distance between the
peaks

In constant conditions it
looks stationary

Quantitative description
|



Stationary ripple pattern

Fluid Mechanics “T'mapogmHammKka’,
Elrs s ThcoreticalPhysics [Fluid mechanics],
x L.D. Landau and
D. Landau and E.M. Lifshitz

E.M. Lifshitz

/4

“TmapoanHamunka”,
[Fluid mechanics],
G. Lamb

Loop diameter <~ cf

decreases
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Negligible motion | 1/

at depth equal to 5
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Experimental part Qualitative explanation Quantitative description
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Disturbance in jet

The initial disturbance in the
E— jet arises due to the wave

{

@ after impact
L
[
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“CoypapeHue CTpym C NOBEPXHOCTbIO, MoAeNnpoBaHMe “yaapHoin” BoAHbI”,
[“Shock” wave in the jet simulation], © IME - Subdivision of FIC KazanSC of RAS, 2020

Experimental part Qualitative explanation Quantitative description
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Initial amplitude >

odS =dE
dS ~de® dE ~ pdv?
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@This dependence is confirmed experimentally well

Experimental part Qualitative explanation Quantitative description
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Capillary waves

/

Experimental part Qualitative explanation Quantitative description
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Why are the waves standing? 7

The jet at a point moves at a constant speed c.

¥ &/
Waves with wave number k when added at z

give a nonzero amplitude if their phases at this
point are equal

\ 4

One disturbance was generated by ¢,
earlier than the second, then the phase
equality can be written as follows

W
k-(z+cty) —w:-(t+ty)) =k z—w-t = |p =—=_
kK
Experimental part Qualitative explanation Quantitative description




Wavelength from height

1) There is wave dispersion ) = C()(k)

27C
k:2_7z-<< g_p o=——-
A \ & A

2) The jet is accelerated by gravity
0(2) =/v,2 +29g(h-2)

3) From the equality of the phase velocity (c) and
the jet velocity v (z), the wavelength can be found

A =A(2)

Experimental part Qualitative explanation Quantitative description
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Plan of investigation

1. Derivation and verification
of dispersion law

2. Investigation of ripples
formation dynamics

3. Method for measuring
initial jet parameters




D i S p e rS i O n | a W . tS.tationary waves on cylindrical fluid 1 O

jets, K. M. Awati and T. Howes,

(not a flat surface, to improve - gravity) ﬁ”g“gg)ca” ST G PaEles (52, 012
al) V 18
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Incompressible Euler equations

— O with constant and uniform density

We assume for potential flow: < >

Transition to cylindrical coordinates

O =Vxp op, %

i 100+ 2? o

Ag=0 = ror o o’ < >

109 P _ ¥ Z
at+p_0 ¢ = ¢, 1,(kr)sin(kz — ot) 3 ' (

Experimental part Qualitative explanation Quantitative description

I, —modificated Bessel function of the first kind of the i order



- 1  Stationary waves on cylindrical fluid 1 1
Dlspe rSIOn IaW jets, K. M. Awati and T. Howes,
American Journal of Physics 64, 808

(not a flat surface, to improve - gravity) (1996)
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Experimental part Qualitative explanation Quantitative description
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Numerical solution fit 12

In literature:
Hancock, M. J., & Bush, J. W. M. (2002). Fluid pipes. Journal of Fluid Mechanics, 466, 285-304.

Wavelength on a flat surface: Fit of the numerical solution:

B 27O A

= — =1—exp(—VWe
b= 7 = L exp(—VIwe)

_pUR,

We

— Numerical solution

O

Fit
The correction taking into account the curvature Effect area
corrected the plane model by 2 times! 0.2
Gravity is neglected everywhere for a beautiful
solution. Amendment less than 10%. ‘ .
2 4 6 8 10 12 14
We
Experimental part Qualitative explanation Quantitative description



Experimental setup

Fluid
source

FIoodIight

13

@ | ! ! about 1 meter|

Movable platform

Experimental part

PASCO CAPSTONE
Re ~100 P
/ D
C_,S.\‘\% B - - = = = —
?‘V - F(h)
N 11 _

Camera
~1000fps

Qualitative explanation
|
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A, F(h)

(from time also)

Quantitative description
|



Experimental setup
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Experimental part Qualitative explanation Quantitative description




Verification of dispersion law 15

0,0025 4
v, =0,13m/s
0,0020 — theory
® experiment
=
< 0,0015
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o |
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= Everywhere the difference is down to 10% (correction for g)
3 9°r*, 1
0,0005 k(k?(1- _ We derived this amendment!
o ( ( 4 ) 2) | k
W — 16 v r-° (kr) | sPECIAL THANKS TO Sergey Melyakov!
o, It’s novelty equation for the problem!
0,0000 R

0,008 0,009 0,010 0,011 0,012 0,013 0,014 0,015 0,016
Distance from nozzle, m

Experimental part Qualitative explanation Quantitative description
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Surface tension effect 16

The surface tension increases the compression ratio of the jet

Warm water CoId water

Experimental part Qualitative explanation Quantitative description
| |




Wavelength at obstacle 17
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Experimental part Qualitative explanation Quantitative description
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Plan of investigation 13

 a

1. Derivation and verification
of dispersion law

2. Investigation of ripples
formation dynamics

3. Method for measuring
initial jet parameters




Amplitude of waves 19

\ Wave packet propagation speed
Z“ dw
Vv, = —
—— f(2) 9= 3k
Amplitude depending on the coordinate
0
f(2) = j b - e~ *®(E+to) . cos(k(x + cty) — w(t + t)) dt,
The time in which the wave packet reaches the point
Cd
Z
_ — —a(k)-t
. t(Z)—j — f(Z)_aO.e (k)
‘ Vg —C
Zg
, ag - parameter determined from the width of
D the spectrum and the initial amplitude
E:
Experimental part Qualitative explanation Quantitative description



Measurement method 20
Errors about 0.5 mm (shadow area)

Ripple formation dynamics

Video, 1000 fps

Experimental part Qualitative explanation Quantitative description
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Wave packet propagation [the caicuistion descrives]| 21
%% & Disturbance height, m the experiment @
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Experimental part Qualitative explanation Quantitative description
| |



Coefficient determination 22

The Navier-Stokes equation for Dispersion ratio taking into
two-dimensional flow at low account viscosity:

Reynolds numbers
Y w = —2ivk? + Jw (k)

9% _ op + VA @ L o
9t D Ox VAV, The imaginary part of the frequency - viscosity
av 1 a U . . .

4 9% __1op + VA, Y kmerpatm viscosity

dt p dy o — tension

dv dv — fluid densit

x 9% _ p — fluid density
| dx  0dy

Attenuation coefficient  |a(k) = 2vk?

[ “mapoamHammka”, [Fluid dynamics], G. Lamb ]

Experimental part Qualitative explanation Quantitative description
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Plan of investigation 23

1. Derivation and verification
of dispersion law

2. Investigation of ripples
formation dynamics

3. Method for measuring
initial jet parameters




Measuring method
l J——

Computer
“ processing

Experimental part

1.

Qualitative explanation
|
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Track the jet boundary

Fit the boundary by the assumed
dependence

Determine the attenuation
coefficient

Spread out into a spectrum
Determine the flow rate and
surface tension coefficient

mZ
v=1-10"°—
S
o = 0,053
e
vy = 0,137

Quantitative description
|



Flow rate measuring

25
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Experimental part Qualitative explanation Quantitative description



Kinematic viscosity measuring 26
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Experimental part Qualitative explanation Quantitative description



Conclusions

Wavelength from height

1) There is wave dispersion w = (z)(k)

27ce
k:2_7Z<< g w=——-
A \/a A

2) The jet is accelerated by gravity
2 L d
0(z) = v,’ +2g(h-z)

\ )1 &
3) From the equality of the phase velocity (c) and : - S
the jet velocity v (z), the wavelength can be found =
- e

A=A(z) : :

Experimental part Qualitative explanation Quantitative description Experimental part Qualitative explanation Quantitative description

il <

The nature of the formation of ripples - Capillary waves.

Stationarity is ensured by wave dispersion.
At each point of the jet, the velocity of the jet and the phase
velocity of the wave are equal. The ratio is adjusted for surface
curvature and verified.

Final thought
|



Conclusions

28

Wave packet propagation
°©7 s Disturbance height, m
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Ripple formation dynamics
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Video, 1000 fps

Time, s
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Experimental part

Qualitative explanation

0,006 0,007 0,008 0,009

Quantitative description

Measuring method

=

S

ue

Experimental part

. Find the edge of the jet
. We fit the boundary by the

. Find the attenuation coefficient
. Spread out into a spectrum
. We find the flow rate and surface

Qualitative explanation

22

assumed dependence

tension coefficient

Quantitative description

The ripples formation dynamics is considered.

The wave attenuation from time is described.
Calculation model is confirmed by experiment.

The method for measuring viscosity, surface tension
and flow rate was determined and verified.

Final thought
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Special thanks to Voronezh team “Rubicon”

Further research: 1. Fluid “pipes”

2. Initial amplitude — full description

Final thought




Problem No.8
Rippled water columns

Reporter: Artem Sukhov

Team of Russia

It was also investigated:

1. Decay of jet into droplets
(height, ripple)

2. Jet narrowing
(radius from height, attenuation effect)

3. Fluid and flow parameters
(dependencies for the wavelength at the foot)
4. Fluid “pipes”
(areas where ripples do not form)
5. Waves on the plane

Thank you! Questions?

Final thought




