
PROBLEM N°17

Balancing Pebble
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Ecole polytechnique



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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What characterizes a “Balancing Pebble” ?

1) Stone stands above the lake
2) Ice lower just around the stone
3) Asymmetry possible
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3) 

2) 
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Context on Lake Baikal, Siberia

𝑡(𝑚𝑜𝑛𝑡ℎ)

DecemberApril

𝑇 °𝐶

Wind

Strong winds : 5 to 40 m/s

Temperature

January
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Radiation 

Energetic budget of the lake ice

WindConduction 
(stone)

Sources of energy

Formation of a stand ? 
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1st experiment : Conduction

1) Stone stands above the lake X 
2) Ice lower just around the stone X 
3) Asymmetry possible X 
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Radiation ?

Not needed! Balancing pebbles found in a cave 
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Radiation 

Energetic budget of the lake ice

WindConduction 
(stone)

Why does ice melt ?
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Experiment : blowing hot wind

A stand 
Asymmetric pattern
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Experiment : with turning wind !

1) Stone stands above the lake
2) Ice lower just around the stone
3) Asymmetry possible

✓

✓

✓
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Why does ice melt ?

Wind

Sublimation Heat transfer
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Why does ice melt ?
Wind

Sublimation Heat transfer

Φ𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 = 𝒉𝒎(𝒖) 𝒏𝒔𝒂𝒕 𝑻 − 𝒏𝒘𝒊𝒏𝒅 Φℎ𝑒𝑎𝑡 = 𝒉(𝒖) 𝑻𝒘𝒊𝒏𝒅 − 𝑻𝒊𝒄𝒆
~

𝑛𝑠𝑎𝑡, 𝑛𝑤𝑖𝑛𝑑 ∶ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑚
3𝑜𝑓 𝑎𝑖𝑟

Origin: Vapor pressure gradient Origin: Temperature gradient
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ℎ𝑚: mass transfer coefficient ℎ: heat transfer coefficient

Ablation rate of 𝟐. 𝟏𝟎−𝟓 𝒌𝒈/𝒔 for sublimation  >> Ablation rate of 𝟐. 𝟏𝟎−𝟖 𝒌𝒈/𝒔 for melting through heat transfer

Conditions of temperature and humidity for Baikal lake:
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𝑇 = 𝑇𝑖 + (𝑇𝑤𝑖𝑛𝑑 − 𝑇𝑖)(1 − 𝑒
−
𝒉 𝒖

𝜌𝑐
𝑡
)

How does ice melt ?
Modelling transfer phenomena

Heat transfer equation:

𝝆𝒄𝝏𝒕𝑻 = 𝒉(𝒖)(𝑻𝒘𝒊𝒏𝒅 − 𝑻)

Convective mass transfer:

𝜙𝑠𝑢𝑏 = 𝒉𝒎(𝒖)(𝒏𝒘𝒊𝒏𝒅 − 𝒏)
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Newton’s law of convective heating:

𝜙ℎ𝑒𝑎𝑡 = 𝒉(𝒖)(𝑻𝒘𝒊𝒏𝒅 − 𝑻)

Convective mass transfer equation:

𝝏𝒕𝒏 = 𝒉𝒎(𝒖)(𝒏𝒘𝒊𝒏𝒅 − 𝒏)

𝑛 = 𝑛𝑖 + (𝑛𝑤𝑖𝑛𝑑 − 𝑛𝑖)(1 − 𝑒− ℎ𝑚 𝑢 𝑡)

Same exponential laws
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𝑇 = 𝑇𝑖 + (𝑇𝑓 − 𝑇𝑖)(1 − 𝑒
−
𝒉 𝒖

𝜌𝑐
𝑡
)

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

Hot
Wind flow
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Wind flow

Thermal camera from 20°C to 35°C

𝑇 = 𝑇𝑖 + (𝑇𝑓 − 𝑇𝑖)(1 − 𝑒
−
𝒉 𝒖

𝜌𝑐
𝑡
)Newton's’’’ law gives :   

How does ice melt ?
Modelling the heat transfer ℎ(𝑢)
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Wind flow

𝑇 = 𝑇𝑖 + (𝑇𝑓 − 𝑇𝑖)(1 − 𝑒
−
𝒉 𝒖

𝜌𝑐
𝑡
)

𝑇 (°𝐶)

𝑡 (𝑠)

Blue Exponential fit

Orange Measured

Newton's’’’ law gives :   

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

Thermal camera from 18°C to 25°C
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Wind flow

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

Obstacle

Thermal camera from 20°C to 35°C

Experimental data for ℎ(𝑢) in Wm−2𝐾−1

according to the position
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𝑇 = 𝑇𝑖 + (𝑇𝑓 − 𝑇𝑖)(1 − 𝑒
−
𝒉 𝒖

𝜌𝑐
𝑡
)



Obstacle
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Wind flow

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

-> ℎ(𝑢) on the front 

Thermal camera from 20°C to 35°C

Experimental data for ℎ(𝑢) in Wm−2𝐾−1

according to the position
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ℎ(𝑢) on the front part

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

Distance to the cylinder (cm)

𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
Obstacle

-> ℎ(𝑢) on the front 

Experimental data for ℎ(𝑢) in Wm−2𝐾−1

according to the position



20

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

𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟

Estimated shape of the melting ice
At t = 0+

Distance to the cylinder (cm)
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Obstacle

-> ℎ(𝑢) on the front 

Experimental data for ℎ(𝑢) in Wm−2𝐾−1

according to the position
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Explaining the balancing peeble
Wind creates the stand

Standing 
above

Estimated shape of the melting ice
At t = 0+

Distance to the cylinder (cm)

Curve at t = 10 min

Melt more



Influence of an obstacle
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Air flow ?



Influence of an obstacle
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Turbulent vortex
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Influence of an obstacle
Turbulent vortex

𝑅𝑒 =
𝜌𝑎 𝑖𝑟𝑢 𝐷

𝜂𝑎𝑖𝑟
≈ 104
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Influence of an obstacle
Turbulent vortex



Influence of an obstacle
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Turbulent vortex
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A double stand
Turbulent vortex : 2nd order effect ?



Estimation of the curve
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Size of the vortex

Measuring kinetic pressure

𝑢
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Estimation of the characteristic size of the vortex

𝑝𝑎𝑡𝑚 𝑝𝑎𝑡𝑚

Wind
protection

Set up front viewSet up side view

Estimation of the curve
Size of the vortex

obstacle
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Estimation of the characteristic size of the vortex

elevation

Set up side view Set up front view

𝑢𝑢

𝑝𝑎𝑡𝑚
+

𝑝𝑤𝑖𝑛𝑑(𝑥) 𝑝𝑎𝑡𝑚

Wind
protection

Estimation of the curve
Size of the vortex
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Vortex 
size

Estimation of the curve
Size of the vortex

distance

Distance (cm)

Elevation in Pito tube (mm)

𝑢
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L (cm)

For 𝑢 = 20 m/s, D = 7cm :
 𝐿 ≈ 2.5 𝑐𝑚

Curve = a circle or radius ≈ 𝑳

D

Estimation of the curve
Size of the vortex



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 

Conclusion
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✓ Reproduce this «stand» phenomenon 

✓ Estimate the curve of the stand depending on the important parameters. 

✓ Explain this «stand» phenomenon Sublimation – Heat transfer
Same equation
Sublimation quicker on Baikal Lake
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Sublimation

T = -22°C

Fan
~7m/s
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Sublimation

In 20 days !
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Size of vortex VS Reynolds Number

D
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How does ice melt ?
Heat and mass transfer

Analogous causes:

✓ Mass: concentration gradient

✓ Heat: temperature gradient

Similar formulations of basic equations:

Conduction:

✓ Mass: 𝜕𝑡𝐶 = Dm Δ𝐶

✓ Heat: 𝜕𝑡𝑇 = Dh ΔT

𝐷𝑚 =Mass diffusivity ; 𝐷ℎ = Heat diffusivity

Convection:

Mass: Sherwood number
𝑆ℎ = ℎ𝑚

𝑆ℎ = 𝐶𝑡.× 𝑆𝑐
1
3 × 𝑅𝑒

Chilton-Colburn J-analogy:
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Why does ice melt ?

Wind

Sublimation Heat transfer

Φ𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 = 𝜌𝑎𝐶𝐸𝐿𝑠𝑢𝑏 𝒖 𝒒𝒔𝒂𝒕 𝑻 − 𝒒𝒘𝒊𝒏𝒅 Φℎ𝑒𝑎𝑡 = 𝜌𝑎𝑐𝑎𝐶𝐻 𝒖 𝑻𝒘𝒊𝒏𝒅 − 𝑻𝒊𝒄𝒆~

(𝑞𝑠𝑎𝑡, 𝑞𝑤𝑖𝑛𝑑 ∶ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑚
3𝑜𝑓 𝑎𝑖𝑟 )

Vapor pressure From ice to water then vapor
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Characteristic time : 
Δ𝑒 = 10 cm

𝑞𝑤𝑖𝑛𝑑 = 0.8 𝑞𝑠𝑎𝑡

𝜟𝒕 ≈ 𝟒𝒎𝒐𝒏𝒕𝒉𝒔

Why does ice melt ?
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Sublimation

with

𝜌𝑎: 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟
𝐿𝑠𝑢𝑏: 𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡

𝑞𝑠𝑎𝑡, 𝑞𝑤𝑖𝑛𝑑 ∶ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 1𝑚
3

𝐶𝐸: 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

‘(Ref : The Physics of glaciers, by K.M Cuffier and W.S.B Paterson)

In lab : long and difficult to reproduce
Δ𝑒

Φℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 = 𝜌𝑎𝐶𝐸𝐿𝑠𝑢𝑏 𝑢 𝑞𝑠𝑎𝑡 𝑇 − 𝑞𝑤𝑖𝑛𝑑

Φℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 ≈ 25𝑊/𝑚2 for 𝑢 = 5m/s

Bulk aerodynamic approach : 

On Lake : possible



Characteristic time : 
Δ𝑒 = 10 cm

𝑇𝑤𝑖𝑛𝑑 − 𝑇𝑖𝑐𝑒 = 5°𝐶

𝜟𝒕 ≈ 𝟐𝒎𝒐𝒏𝒕𝒉𝒔

Why does ice melt ?

ECOLE POLYTECHNIQUE – French Physicists’ Tournament 2018 40

Heat transfer

with ቐ

𝜌𝑎: 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟
𝑐𝑎 ∶ 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝐶𝐻: 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

‘(Ref : The Physics of glaciers, by K.M Cuffier and W.S.B Paterson)

Δ𝑒

Φℎ𝑒𝑎𝑡 = 𝜌𝑎𝑐𝑎𝐶𝐻 𝒖 𝑻𝒘𝒊𝒏𝒅 − 𝑻𝒊𝒄𝒆

Φℎ𝑒𝑎𝑡 ≈ 50𝑊/𝑚2 for 𝑢 = 5m/s

Bulk aerodynamic approach : 

In lab :  possible by increasing 𝑇𝑤𝑖𝑛𝑑 − 𝑇𝑖𝑐𝑒

On Lake : possible
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Hoodoos
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4th experiment : Erosion on sand

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

✓

✓

✓
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No elevation : only melting ! 



Dependence of the form of contact
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Rectangle 
contact



Dependence of the form of contact
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Round contact

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

There must be something else… Turbulence !

Should melt less 
at the front

𝛷ℎ𝑒𝑎𝑡 = ℎ(𝑢) 𝑇𝑤𝑖𝑛𝑑 − 𝑇

𝑅𝑒 =
𝜌𝑎 𝑖𝑟𝑢 𝐷

𝜂𝑎𝑖𝑟
≈ 104



Context of the picture
Lake Baikal, Siberia

48

Location of Lake Baikal Picture of Lake Baikal

Structure formation : from December to April
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2nd experiment : Radiation

1) Stone stands above the lake
2) Ice lower just around the stone
3) Asymmetry possible

Stone 
shadowing 

1) 

✓

X
X
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Why does ice melt ?

X

-10°C

100 Pa



How does ice melt ?
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Modelling the heat transfer

Newton's’’’ law   𝛷ℎ𝑒𝑎𝑡 = ℎ(𝑢) 𝑇𝑤𝑖𝑛𝑑 − 𝑇

On a simple case :

𝑢 𝑇𝑤𝑖𝑛𝑑

𝑇

𝑢 fixed 𝑇𝑤𝑖𝑛𝑑 − 𝑇 fixed 

𝑇𝑤𝑖𝑛𝑑 − 𝑇 (K)𝑢 (m/s)

Melting Ratio (%) Melting Ratio (%)
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Elevation (cm)

Estimation of the curve
Size of the vortex
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Estimation of the curve
Visualizing the vortex

𝑢



ECOLE POLYTECHNIQUE – French Physicists’ Tournament 2018 54

Estimation of the curve
Visualizing the vortex
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Why does ice melt ?
Wind

Sublimation Heat transfer

Φ𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 = 𝒉𝒎(𝒖) 𝒒𝒔𝒂𝒕 𝑻 − 𝒒𝒘𝒊𝒏𝒅 Φℎ𝑒𝑎𝑡 = 𝒉(𝒖) 𝑻𝒘𝒊𝒏𝒅 − 𝑻𝒊𝒄𝒆
~

(𝑞𝑠𝑎𝑡, 𝑞𝑤𝑖𝑛𝑑 ∶ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑚
3𝑜𝑓 𝑎𝑖𝑟 )

Origin: Vapor pressure gradient Origin: Temperature gradient
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ℎ𝑚: mass transfer coefficient ℎ: heat transfer coefficient

Sherwood number: 

𝑆ℎ =
ℎ𝑚𝐿

𝐷𝑚
= 0.03.× 𝑅𝑒4/5 × 𝑆𝑐1/3

Nusselt number: 

𝑁𝑢 =
ℎ𝐿

𝐷
= 0.002.× 𝑅𝑒4/5 × 𝑆𝑐1/3

~
Φ𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛

Φℎ𝑒𝑎𝑡
≫ 1
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