X PROBLEM N°17
Balancing Pebble

Ecole polytechnique
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Balancing Pebble

»

Stones which are taken by wind on the ice of Baikal Lake can be found after
some time staying on a thin «stand».

» Reproduce and explain this «stand» phenomenon

« Estimate the curve of the stand depending on the important parameters.
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P
What characterizes a “Balancing Pebble” ? VAJ%

D

1) Stone stands above the lake
2) Ice lower just around the stone
3) Asymmetry possible
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Context on Lake Baikal, Siberia
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Sources of energy

Energetic budget of the lake ice

Conduction
(stone)

Radiation

Formation of a stand ?
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Wind




15t experiment : Conduction
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1) Stone stands above the lake
2) Ice lower just around the stone
3) Asymmetry possible

oo lle
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Radiation ?

Not needed! Balancing pebbles found in a cave
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Why does ice melt ?

Energetic budget of the lake ice

stone

ducti

Radiation
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- Experiment : blowing hot wind
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Photographer
Elena Vitorushina

A stand
Asymmetric pattern
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1) Stone stands above the lake
2) Ice lower just around the stone
3) Asymmetry possible
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A NEANERN
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Why does ice melt ?

Wind

P

Sublimation
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Heat transfer
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Why does ice melt ? ;ﬁ

Wind
Sublimation Heat transfer
Origin: Vapor pressure gradient Origin: Temperature gradient
b . . = h..(u) (n T) — n...: ~
sublimation m( ) ( sat( ) wmd) Dpogr = h(u) (Twind _ Tice)

Neat» Mwing : NUMber of water molecules per m3of air

h,,: mass transfer coefficient h: heat transfer coefficient

Conditions of temperature and humidity for Baikal lake:

Ablation rate of 2.107> kg/s for sublimation >> Ablation rate of 2.1078 kg/s for melting through heat transfer
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X
How does ice melt ? Vﬁ

Modelling transfer phenomena

Newtons law of convective heating:

Ghear = (W) (Tying — T)

Heat transfer equation:

pco,T = h(w)(Tyina —T)

h(u)

e
T=T,+ (Tyina —Ti)(1—e rc’)

\

Convective mass transfer:

Gsup = hn(W)(Mying — M)

Convective mass transfer equation:

0¢n = hy (W) (Mying — M)

n=mn; + (Nying —n;)(1 —e” hm(u)t)

/

Same exponential laws
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How does ice melt ?
Modelling the heat transfer h(u)

h(u)

T=Ti+ [T —T)(1—e rc)

Hot
Wind flow

—_—
—

—_—
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How does ice melt ?
Modelling the heat transfer h(u)

| )
Newton’s law gives : T=T+ T —T)(1—e re Y

Thermal camera from 20°C to 35°C

Wind flow

ECOLE POLYTECHNIQUE - International Physicists Tournament 2018

15



How does ice melt ?

Modelling the heat transfer h(u)

Newton’s law gives : T=T + Ty —T)(1 - e pch)

h(u)

21.4

Thermal camera from 18°C to 25°C reo) ., |

21.0 1
Wind flow 20.8 1
20.6 1
20.4

20.2 1

Blue Exponential fit

Orange Measured
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X
How does ice melt ? V;%

Modelling the heat transfer h(u)

h(u)

T=Ti+T;—T)(A—e rc

5

Experim
Thermal camera from 20°C to 35°C

Wind flow
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e

ental data for h(u) in Wm™2K 1
according to the position

Obstacle
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How does ice melt ?

Modelling the heat transfer h(u)

Thermal camera from 20°C to 35°C

Wind flow
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Experimental data for h(u) in Wm™2K !
according to the position

Obstacle

= h(u)y onthefront
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h(u) on the front part

0.8 4
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=
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-4 -3 -2 -1 0 1

Distance to the cylinder (cm)
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How does ice melt ?
Modelling the heat transfer h(u)

Experimental data for h(u) in W m™2K
according to the position

Obstacle

= h(u)y onthefront

=

-1
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: X
How does ice melt ? Vﬁ
Modelling the heat transfer h(u)

Estimated shape of the melting ice

Att =0+ Experimental data for h(u) in Wm™2K !
1— aurve | according to the position
. Cylinder
Obstacle
= h(u)y onthefront
-4 -3 -2 -1 0 1 2

Distance to the cylinder (cm)
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. . X
Explaining the balancing peeble V&

Wind creates the stand

Estimated shape of the melting ice

Att = 0+ Curve att = 10 min
1 — e ;_
Standing
above
I Melt more
4 3 2 1 0 1 2

Distance to the cylinder (cm)
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g =
X = Influence of an obstacle

Air flow ?
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g =
X = Influence of an obstacle

Turbulent vortex
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Influence of an obstacle
Turbulent vortex

Werlé - ONERA
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Re

Pairu D

Nair

~ 104
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X
Influence of an obstacle V&
Turbulent vortex
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g =
X = Influence of an obstacle

Turbulent vortex
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A double stand

Turbulent vortex : 22d order effect ?
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g =
X =' Estimation of the curve

Size of the vortex

Measuring kinetic pressure
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Estimation of the curve
Size of the vortex

EEEEE
EEEEE

Estimation of the characteristic size of the vortex

obstacle
Wind
protection

Patm ' Patm

Set up side view Set up front view
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Estimation of the curve
Size of the vortex

EEEEE
EEEEE

Estimation of the characteristic size of the vortex

Patm
_I_

Wind

protection

Pwind (x) Patm

Set up side view Set up front view
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1 elevation
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L X
Estimation of the curve Vﬂ
Size of the vortex

Elevation in Pito tube (mm)

1a
— u =27 m{s Exponential fit
14 - <+ u=27 m/s experiment

P
<«

v

distance

Distance (cm)
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L X
Estimation of the curve Vﬂ
Size of the vortex

Foru =20m/s,D=7cm:
| = L~=25cm

Curve = a circle or radius = L

Wind speed (my/s)
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> Conclusion '49

v Reproduce this «stand» phenomenon

v EXplain this «stand» phenomenon Sublimation — Heat transfer

Same equation
Sublimation quicker on Baikal Lake

v" Estimate the curve of the stand depending on the important parameters.

Ablation Parameters : Shape parameters :
Vapor pressure, Temperature Turbulent flow
Absolute wind speed Radius of curvature ~L, typical size of the vortex

depends on the wind speed
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Sublimation

T=-22°C
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Sublimation

In 20 days !
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= Size of vortex VS Reynolds Number
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X
How does ice melt ? Vﬁ

Heat and mass transfer

Analogous causes:
v Mass: concentration gradient

v Heat: temperature gradient

Chilton-Colburn J-analogy:
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Similar formulations of basic equations:
Conduction:
v’ Mass: d,C = D, AC

v’ Heat: 0, = Dy, AT

D,, =Mass diffusivity ; D, = Heat diffusivity
Convection:

Mass: Sherwood number
Sh =h,,

1
Sh = Ct.X Sc3 X Re 37



Why does ice melt ? ig

Wind
Sublimation Heat transfer
Vapor pressure From ice to water then vapor
(Dsublimation — paCELsub u (qsat(T) - CIwind) ~ (Dheat = paCaCH u (Twind — Tice)

(Gsat» Qwing : Mmass of water per m3of air )

ECOLE POLYTECHNIQUE - International Physicists Tournament 2018 38



Why does ice melt ?

Sublimation

Bulk aerodynamic approach :

q)humidity = PaCrlLlgyp U (QSat (T) — CIWind)

Ppumiaity = 25 W/m? foru = 5m/s

with <

( pg:density of air
Lg,p: sublimation latent heat

Gsat» Qwing : Mass of water in 1m3
\ Cg:a constant

Ae=10cm

Characteristic time : _
Qwind = 0.8 sat

Ae At ~ 4 months

On Lake : possible
In lab : long and difficult to reproduce
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Why does ice melt ? ;ﬁ

Heat transfer

Bulk aerodynamic approach :

Ppeat = PaCaClh U (Twing — Tice) Pq: density of air
with < ¢, : thermal capacity
Dpeqe = 50 W/m? foru = 5m/s Cy:a constant
Ae=10cm

Characteristic time :

Tying — Tice = 5°C
wind e On Lake : possible

]
Ae At = 2 months In lab : possible by increasing T, ;g — Tice
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4t experiment : Erosion on sand

1) Stone stands above the lake
2) Ice lower just around the stone
3) Symmetry or Axisymmetry

ANANEN
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X
Dependence of the form of contact 'ﬂ%
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X =- Dependence of the form of contact '49

If no contact : the wind can blow on ice, more and more.
If contact with a solid : the ice is protected from the wind.
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3rd experiment : Wind
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Understanding the phenomenon
Aerodynamic flow

A simple model : Potential flow

DPhear = h(u) (Twind —T)

Should melt less
at the front

_ PqiruD N

Nair

Re 10*

There must be something else... Turbulence !
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Context of the picture
Lake Baikal, Siberia
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Picture of Lake Baikal

Location of Lake Baikal

Structure formation : from December to April
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X g? 2nd experiment : Radiation

| el ]
—
stone o

1) Stone stands above the lake v
2) Ice lower just around the stone X
3) Asymmetry possible X
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Why does ice melt ? i%

1TPa . ] I X
100 GFa : : }( !
Vil T~ | Min | =
S ==S= E== eSS sSs=—=———===
1GPa A 1 VI—
= = | * Most stable phase: vapor
100 MPa | ! ! | : ! | | ~ | Critical Point ; :
| @] Liquia e = sublimation
| solid| | | //
£ X |. 1= Ih %Qg'nf a‘lt':zm' ratureEfPres sure ] .
e e / Bolllg Polnt st Fmtm— — * Endothermic reaction
Wi e / e = energy needed
h / Trinla Doint | IE
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. X
How does ice melt ? V&
Modelling the heat transfer

Newton’s law | Prear = h(U) (Tyina —T) J

u Twind

Melting Ratio (%) On a simple case : i Melting Ratio (%)
0.35 - + 141 B
| e

0.30 4 12

*F‘ 10 1
025 1

0.8 -
020 1 EL '+*

0.6 -
015 -
0.4 -
0.1 + . .
’|‘ (Tying — T) fixed 07 - u fixed
(.05 4
0.0 1
0 2 4 6 8 WD 0 s W 15 0 5 3 B
u (m/s)

(Twina — T) (K)
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Estimation of the curve
Size of the vortex

14 . ® u=27miE>
A u=24m/s
12 ® u=21lms
A u=18m's
10 4 & ® u=15m/s
Elevation (cm) . A u=12mfs
B 1 ® u=9%m/s
. _
. A - A uU=6bmfs
[ u=3m/s
. A u=0m/s
'q" ... ‘ ‘ . ‘ ‘
™ .
F -
21 @ & 4
ot ¢ * ° s ®
0{ a a an @& i A 4 i i i
0.0 25 5.0 75 100 125 150 175

Distance to the side of the cylinder {cm)
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Estimation of the curve
Visualizing the vortex
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Estimation of the curve
Visualizing the vortex
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Why does ice melt ? ;ﬁ

Wind
Sublimation Heat transfer
Origin: Vapor pressure gradient Origin: Temperature gradient
subllmatwrt m( ) (qsat( ) qsl:vmd). Dpogr = h(u) (Twind _ Tice)
(Gsat> Qwing : mass of water per m>of air )
Sherwood number: Nusselt number:
hinL 5 1 ~ hL 4/5 1/3
Sh = ——=0.03.x Re*/5 x §c1/3 Nu = — = 0.002.x Re /5 x Sct/
m q)sublimation > 1
h,,: mass transfer coefficient Dpeqt - heat transfer coefficient
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