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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

List of figures

Schematic figure of evolution of contact area. When an ice
asperity contacts with slider, relatively small contact area is
initially formed and the contact area should increase during

sliding as the top of the asperity is melted by frictional heat ----4

Previous research which show that ice asperities are flattened by
sliding. (a) Ice surface was observed with LT-SEM after being
rubbed with steel(Ref. 24), (b) Flat Perspex surface coated by
soot is rubbed with an ice rod and observed by microscope.(Ref.

4), (c) a layer of compacted snow is observed by MicroCT.(Ref.

Experimental setup for measuring friction of ice. «weererereeemeseeeeeens 9

(a) A schematic figure of production of flat ice track. Aluminium
track for ice is put on chiller upside down. Ice is frozen from
surface for measurement so that the effect of volume expansion
of ice during freezing and air bubble formation is minimized. (b)

DeVice fOr producing ice traCk. ............................................................ 10

(a) A schematic figure of normal force generator. Buoy which
has certain mass is hung from the specimen. Buoyancy force
reduce the normal force applied on specimen. The normal force
applied on specimen is controlled by changing the height of the
glycerin container. (b) The normal force is stabilized by

separating the whole system from specimen. Inertia of the



Fig. 6

Fig. 7

Fig. 8

Fig. 9

specimen 1s reduced so that the vibration effect on normal force

can be minimized' .................................................................................... 11

(a) A schematic figure of the visualization setup. (b) When the
angle of incidence satisfies the equation (1), light is totally
reflected on the prism-air interface(non contact area). However,

light penetrates the prism-ice interface(real contact area). -+ 13

(a) A schematic figure of the visualization setup for observing
the evolution of the contact area of single ice asperity. (b) Same
as Fig. 6(b), when the angle of incidence satisfies the equation
(1), light is totally reflected on the prism-air interface(non
contact area). However, light penetrates the prism-ice

interface(real contact area) BT R TLITIeN 16

A process of preparation for an ice hemispherical specimen. (a)
A PDMS mold is casted into a container with a steel ball
located at the center. (b) An inner wall made of PTFE is set on
the PDMS mold. (¢c) Water is frozen in the PDMS mold with a
specimen holder placed on top of the water. (d) The ice

Specimen iS puued OUL, trreerreererererm et 17

(a) Geometric parameters. (b) There are two types of outflow
from the water film and single type of inflow into the water
film. Water escapes from the film by being squeezed out or
being sheared out. At the same time, Water is generated on the

ice Surface by being melted- ................................................................. 23
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Acquired image of real contact area between ice and quartz
prism. T = -05°C, U = 0.01 m/s, Fn = 2.7 N. Area of contact
spot increase during sliding. Water is dragged by surface tension

and a puddle is formed at the end of the prism(left side). -+ 27

Acquired image of real contact area between ice and quartz
prism. T = -05°C, U = 10 m/s, Fn = 2.7 N. The speed of front
of contact is 10 m/s which is same as the speed of the ice
surface and the speed of tail of contact is 5 m/s(half of 10 m/s).

It indicates that flow in the water film is mainly shearing flow.

Real contact area and friction force are plotted. T = -05°C, U =
10 m/s, Fn = 1.2 N. There is strong correlation between the real

contact area and the fl”iCtiOI’I fOl"CG. ..................................................... 29

Estimated thickness of the water film between prism and ice. T

= 70.5°C’ Fl = 1.2 NN cereeereerrereretitit ettt 30

Acquired images of contact area evolution between hemispherical

ice and a quartz disk. T = - 0.3°C, U = 32 m/s, F,=145 N, R =

(a) Contact area between hemisperical ice and quartz disk versus
time. (b) Frictional force versus time. (c) Contact area between
hemisperical ice and quartz disk versus time plotted according to

our scaling law. (b) Frictional force versus time plotted
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Fig. 16

Fig. 17

Fig. 18

according to our Scaling laW. ............................................................... 33

Friction force versus normal force.(Ref. 7) e 36

Concept of surface roughness. N ice asperities, which have

radius R, exist on Lll’lit PN 8y THRLLR LT R O P PP PP P PP PP P PR P PP PPPITPPPIOR 38

Concept of bearing ratio suggested by Baurle(2007).(Ref. 7) Real

contact area ratio(bearing ratio) is a function of height. = 39
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Contact area

lce asperity

Fig. 1 Schematic figure of evolution of contact area. When an ice
asperity contacts with slider, relatively small contact area is initially
formed and the contact area should increase during sliding as the top

of the asperity is melted by frictional heat



Merphological
bands o

Fig. 2 Previous research
which show that ice
asperities are flattened by
@ sliding. (a) Ice surface was
observed with LT-SEM after
being rubbed with steel(Ref.
24), (b) Flat Perspex surface
coated by soot 1is rubbed

with an ice rod and observed
by microscope.(Ref. 4), (¢) a
layer of compacted snow is
observed by MicroCT.(Ref. 8)
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Fig 3. Experimental setup for measuring friction of ice.
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Alumnium track for ice

Water

Seal

Aluminium plate

Heat exchanger

Heat exchanger

Fig. 4 (a) A schematic figure of production of flat ice track. Aluminium
track for ice is put on chiller upside down. Ice is frozen from surface
for measurement so that the effect of volume expansion of ice during
freezing and air bubble formation is minimized. (b) Device for producing

ice track.
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Height is controlled
by linear stage

Glycerin

k

=
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my ¢Vibrati:3n with given amplitude

G e

Fig. 5 (a) A schematic figure of normal force
generator. Buoy which has certain mass is hung from
the specimen. Buoyancy force reduce the normal force
applied on specimen. The normal force applied on
specimen is controlled by changing the height of the
glycerin container. (b) The normal force is stabilized
by separating the whole system from specimen.
Inertia of the specimen i1s reduced so that the

vibration effect on normal force can be minimized.

_’]’]_

TU



7k 8t

z

22 45 vt

el
&

Nr

o

o7 vy =717 10 mm X

2

q

214 A 7]
30 mm¢<

il

BH

gl
)

T
=

ojn
pyL

O
et

Bl

Sl Aol

% =7 A=
A

2

A
=

)

t}.(Fig.6) ©] ul

M

o

-
T

VAW ol A

-4 (2%

3z
[}
o+

Ho

quartz '«

(1)

< sinf <

nair

nquartz

oA FZ wbAtE o] shujete] mdkdbal, A

tol Zheetel =g

S

&l A]

294

F71 el

J|

S

3} A

&3}

M TR

dr

binary image® W25

-
T

o] W] ]

g€t

=%
=

o Eel7t AAte s

=2 =
H"ll‘xqu

X

_12_



Ice track

N

High speed camera

Quartz Prism

Light source

Dark background

Fig. 6 (a) A schematic figure of the visualization setup. (b) When the
angle of incidence satisfies the equation (1), light is totally reflected on
the prism-air interface(non contact area). However, light penetrates the

prism-ice interface(real contact area).
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a. Force sensor

Mass /

Dark background

Light source Camera

Fig. 7 (a) A schematic figure of the visualization setup for observing
the evolution of the contact area of single ice asperity. (b) Same as
Fig. 6(b), when the angle of incidence satisfies the equation (1), light is
totally reflected on the prism-air interface(non contact area). However,

light penetrates the prism-ice interface(real contact area).
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A Steel ball PTFE inner wall

PDMS

Container

Specimen holder  d.
Water

/ Ice
5

Fig. 8 A process of preparation for an ice hemispherical specimen. (a)

S

Chiller

A PDMS mold is casted into a container with a steel ball located at
the center. (b) An inner wall made of PTFE is set on the PDMS mold.
(c) Water is frozen in the PDMS mold with a specimen holder placed

on top of the water. (d) The ice specimen is pulled out.
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AR
Melting
lce
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e

Fig. 9 (a) Geometric parameters. (b) There are two types of outflow
from the water film and single type of inflow into the water film.
Water escapes from the film by being squeezed out or being sheared
out. At the same time, Water is generated on the ice surface by being
melted.

_23_



9]
| 7kAS)

HJ

4. 2943 %

1

&

41 4+ 7t

jgase]

o)
T

%

ok

¢

ol

o

R

__ﬁﬁ

47

’

% AL

A zto &2 7} A 3} s

@72 Fig. 10, Fig. 119

]

=
o

N
B

MW.O

<

op

e
o]
{a

Bl

_Z.:r

o] AA=

ol

oy

o

M EolA =3

Feol e ofFoA UAvh.(Fig. 10, Fig. 11)

o] A5l A

o
50

b

°

1744 ol %
o] AberAE

T6 H
a]

=%
s

=

&}

S

7 Az
4

=3
&

A, T3kl

71 A &s

.

3

-

Al 3

[e)

T

= |
——1;1(51]"’::’.‘

;gg_

Bz el

Bl

o)
b
&H
N
e

B
=
N
il

A EollA

-

s

o]

A A4 wolar,

1 o

o 42484 UL 24

\

XO

X0

il

& 3ol A

1
T

5

Ag 77t ol%

KeR
T

o[
KH
.Z.tl
I

o
]
il

surface

3 Fvy

Zholt] Apolel

A3}
o <l

2~

=

Al
7}

i

Ay

o }\]
o] o
= u

A

R

t, o] ZAe A Colbeck®]
A capillary bridge’} dA=
- 24 -

°©

=

X8y

el Al Eof3l= Aotk Puddle

o

=

=

9
Aolgl o

tension®l] 2]



9=

3
=

=
=

wlzkelo] o} m)

o, 4

-
ok
o

1 ddkel 5 m/sE 9]

g3 = A

Zt= capillary bridge

=

=

o) 2] =

=

pu

o] 2] perimeter
(U = 10 m/s)9lA+= Puddle®]

Q_:]1
o] WALk} 27

%

2
a1

Z7o A& puddle?] perimeter’} Htf &

=

I

ok T o I S o COCE
BT R SR « oy = e
® o = D E
> S o) ~ T L o i R
T M L I (-ERY T I —
m RN RN ) o
7o T T = 68 s T Y
AT G R T o T
mo - X aro) ~ D
° o D I < B
:i . 0 = N RN N ﬂ I~ wlAE .
oo X = oo W R om &0
o — o ‘mW ) ‘A‘# _ EE ,U! 2z ,UI E
=2 ar ERC G w o5
© ™ W = oW Nomowm 70 T R
B ~ 5 do = B0 =
s mo9 Mo b o dE < wor R
5 o % — ~ W <0 Sl o o P
O ® N oy LR ® ® 2N o B
_ N OE MV_I ‘m_yl Hu_l of o) =) KO or
o mb & o B o) 9o . ﬁ W O
- G . , z
~ = e iy r Wy
N 7o O Ne 28~ g © it < ol =
%o E il = T R do 2 W K
o B G N v A ™ = = W
N < o No —o ~ I - _
Wog o ol X0 N X! 5 Mo
S i — W3 =~ 0
0o ,mw._ m — H LE —_— ﬂﬁ - 1Xj! .
e < W N T 5 = T
we X o 3 T o SO T 0 Nr T =
= 7 »n X o Bow _ TG
x T Hoo oo @ M w oW o o
N o < oy X
= Ne B - . B oy w B
P.f Lifrsf oo L0F
olp ~ _L _L . — —~ ¥ V3
w5 L FE - L&ETX - x
mr 0 TR OB o L, W R M T 7o
B o v R (w7 o W
Mo Ar T W m o N o o B o ' o N

_25_

10 m/s A ANA dg



_26_

_—



Fig. 10 Acquired image of real contact area between ice
and quartz prism. T = -05°C, U = 0.01 m/s, Fn = 2.7 N.
Area of contact spot increase during sliding. Water is
dragged by surface tension and a puddle is formed at the

end of the prism(left side).
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*— 3Sliding direction

¥ 0.001

Front of contact Tail of contact

Fig. 11 Acquired image of real contact area between ice and quartz
prism. T = -05°C, U = 10 m/s, Fn = 2.7 N. The speed of front of
contact is 10 m/s which is same as the speed of the ice surface and
the speed of tail of contact is 5 m/s(half of 10 m/s). It indicates that

flow in the water film is mainly shearing flow.
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Fig. 12 Real contact area and friction force are plotted. T = -05°C, U = 10

m/s, Fn = 1.2 N. There is strong correlation between the real contact area

-50

and the friction force.
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Fig. 15 (a) Contact area between hemisperical ice and quartz disk
versus time. (b) Frictional force versus time. (c) Contact area between
hemisperical ice and quartz disk versus time plotted according to our
scaling law. (b) Frictional force versus time plotted according to our

scaling law.
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Fig. 16 Friction force versus normal force.(Ref. 7)

_36_



)
el

R

¢

o

A

Bearing ratiogl+= 7

KN
| .

Baurle(2007)

o
B

1SS
0
{o

»AO

N
B/
_Z‘.rl

Bearing ratiog}il 7

S
=

o
=

B

Bearing ratiogh= 7]

-
o

ok (Fig. 18) 1

5

9/]

N
H
2

El

—_
o

jruge]

K
el

=

v}

=
L

Zte qdoldgt: A= o

=
=

Bearing ratio

el

o} FH

Al

I 4129 2ol vheol

Hell tfs

1
T

@ E7] 2] Bearing ratio

R b 2

Noj

o
J_AO

ol
0
el

B

Y

Bearing ratio”} #]

R?} F,~R °¢l #7)

o] 2}

B

7F4 A o|t}. Bearing ratio’} 3

=
=

A&

=
_Zrl

st Holl

o] 3
=

t}. Bearing ratio’} Zttd =

A

Z %

7t wobAw A

PN
T

=714 7

o
=
Shearing—out® & - %9]

o Aopx i, o

el =k AE Ao,

7
Nlo

=
=

©] Bearing ratio”} #o}

_37_



(a)

. Shider U
/ R:\/ \
L""“‘“‘-._,_._ F_..J'"
.Ihl'r: '
LT Slider i

L \/\
=,

Fig. 17 Concept of surface roughness. N ice asperities, which have

radius R, exist on unit area.
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Fig. 18 Concept of bearing ratio suggested by Baurle(2007).(Ref. 7) Real

contact area ratio(bearing ratio) is a function of height.
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Abstract

Evolution of contact area between
a high-speed slider
and ice surface

Changho Yun
School of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Ice friction has attracted many researchers’ interest with its
importance in winter sports and tire design. However, friction of ice is
still not fully understood as observing and predicting the real contact
area between the ice and the slider is challenging. Here, we suggest a
novel visualization method. Real time visualization of the real contact
area between the ice and the slider was simultaneously performed with
the measurement of frictional force. We observed the evolution of
contact area which is unique phenomenon of ice friction. We also
constructed a scaling model to predict the melting process on the ice
surface in the hydrodynamic regime. To verify our model, we made a
single contact spot with a single ice asperity of which the geometry is

well controlled and simplified. Consequently, we successfully predicted
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the frictional force and the contact area of the single contact spot by

our scaling model.
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