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EXPERIMENTS

The regelation of ice has been a problem
since the days of Faraday and Tyndall. Weyl
(1951), treating this problem from the stand
point of modern molecular physics, has strong
ly suggested the presence of liquid-water film
on ice surfaces at temperatures below 0°C.
This liquid-water film is not supercooled water,
but is in equilibrium with its vapor phase on
one side and with the ice crystal on the other.

During the course of some experiments on
the adhesive force between two ice particles,
carried on in the cold chamber laboratory of
the Low Temperature Institute, Hokkaido
University, Sapporo, Japan, we found a phe
nomenon which seems to show the existence
of this boundary layer. Two small ice spheres
were suspended by very thin filaments. One
filament could be moved by a screw motion
so that the top of the filament was displaced
horizontally. By this method, the normal ad
hesive force is measured by the inclination
of the filament when the spheres are sepa
rated.

The ice sphere was made by freezing a drop
of distilled water. A cotton filament was used
as the suspending material. The diameter of
the ice sphere was varied between 1.5 and
4 mm. The experiment was carried out in a
metal box with suitable windows for taking
photomicrographs, and was observed through
a horizontal microscope. The movable ice
sphere was brought into contact with the sta

tionary sphere by the screw motion device,
but care was taken to avoid any appreciable
pressure between the spheres. The effect of
the duration of contact is an element to be

studied, but in this series of experiments the
time was chosen as one minute or a little less.

The two spheres usually separated at a
certain angle of inclination of the filament.
Sometimes, however, the ice spheres showed
a rotation before separation, at an angle of
0. Two examples are shown in Figures 1 and
2. In both cases, (a) shows the initial state,
(b) the state just before the rotation, the
inclination of the filament being <j>, and (c)
the state after rotation.

This rotation did not always occur, but it
was not rare. For example, in one series of
experiments, this rotation phenomenon was
observed in 9 cases among 38. The rotation
took place more frequently in the range of
temperatures near the freezing point, but it
was observed once at -7.0 °C, the lowest tem
perature when distilled water was used. It
sometimes happens, though seldom, that the
spheres rotate two or three times in succession
at the angles of <P,, 02, and 0:i, and then sepa
rate at 0. This successive rotation takes place
more often when a NaCl solution of 0.1 per
cent is used, as described later. This phenom
enon reminds us of Bowden's stick-slip motion
in his friction experiment. The air in the
measuring box must be considered as satu
rated at any time, because a considerable
amount of frost crystals were in the box.
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a) b) c)
Figure 1. Rotation of Two Ice Spheres in Contact

Mean diameter of the ice ball = 1.45 mm. Temperature = -5.5CC. (a) start of experiment;
(b) just before rotation, inclination of filament, <P; (c) after rotation.

a) b) c)

Figure 2. Rotation of Two Ice Spheres in Contact

Mean diameter of ice ball = 1.95 mm. Temperature = -5.5°C. (a) start of experiment; (b)
just before rotation, inclination of filament, 4>; (c) after rotation.

The normal cohesion was calculated from 9
by equation (5), given in the next section,
irrespective of the occurrence of rotation. Co
hesion was studied as a function of tempera
ture, keeping the time of contact and the
initial pressure between the spheres roughly
constant. The measured values showed a wide
fluctuation, which is essentially the nature of
this sort of phenomenon. The mean of the
values is taken for each of the temperatures.
Figure 3 shows the results for two series of

the experiments. In this stage of the experi
ments, we can only say that the normal
cohesion tends to decrease with decreasing
temperature. Although it is qualitative, this
tendency is quite evident.

DISCUSSION

To begin with the geometry, Figure 4 shows
the configuration before and after the rota
tion of the spheres. When the rotation takes
place at the angle <P, the inclination of the
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filament changes to 4>' after the rotation. The
tension of the filament T gives a horizontal
component /, which causes a moment of ro
tation, fa, as well as the normal tensile stress
at the point of contact P.
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Figure 3. Relation Between Normal Cohesion
and Temperature

Vertical bar through each point shows its
range of mean error.

Figure 4. Geometry of the Rotation of the
Sphere

a = radius of sphere; / = length of filament

The moment of rotation is calculated from

the geometry shown in Figure 4.
Moment of rotation = mga tan 0. (1)

When resistance at the point of contact is
overcome by this moment, rotation of the
sphere takes place. The angle of rotation is
0' and the initial point of contact P moves
to P' (Fig. 4). Table I shows 0 and 0' (obs)
as measured on the photomicrograph, and 0'
(calc) as calculated by the equation:

/
sin 0' = sin 0.

a + /

The observed and calculated values of 0' are
in good agreement, which shows that the
sphere rotates through the angle required by
the mechanics.

The length of the arc PP', the sliding dis
tance at the point of contact, is a<t>, where 0'
is measured in radians. For discussion of the
problem of sliding at the point of contact, the
geometry shown in Figure 4 is not sufficient,
because it is only an approximation. The
sphere moves down when it rotates, as shown
in Figure 5. The amount of displacement x
is given by:

x = /A0 sin 0 - a (1 - cos 0), (3)

Table I. Angles of Rotation and Separation

for Ice Spheres of Distilled Water
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1 — 1.0 1.2 12.2 30° 27° 27.1° 0.57 0.16 >56°

2 —2.0 1.2 12.2 44 39 39.3 0.82 0.40 80

3 —5.4 0.7 16.3 33 31 31.5 0.38 0.20 >66

4 —3.0 1.2 16.4 35 32 30.5 0.67 0.28 43

5 — 3.0 1.0 16.7 27 26 25.4 0.45 0.10 >67

6 — 3.0 1.0 16.7 26 25 24.4 0.43 0.09 >66

7 — 3.0 0.9 16.7 14 13 13.3 0.20 0.04 28

8 — 3.0 0.9 16.7 6 5 5.7 0.08 0.03 >70

9 —3.0 0.9 16.7 47 44 44.0 0.69 0.35 >65

10 — 3.0 0.9 16.7 29 27 27.5 0.42 0.17 66

11 — 3.0 0.9 16.7 29 27 27.5 0.42 0.17 66

12 — 3.0 0.9 16.7 43 40 40.3 0.63 0.35 65

* > means that the spheres did not separate at this angle.

neglecting the second term. The length of the
arc PP' and the value of x calculated by equa
tion (3) are also given in Table I.

In order to explain this peculiar rotation of
the sphere, a model is considered (Fig. 6). B
indicates the supposed bridge of ice at the
point of contact and thick lines show the sur
face films of a liquidlike nature. It is believed
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Figure 5. Displacement of the Sphere by Ro

tation

that the liquidlike boundary layer will freeze
when bounded by ice on both sides. So the
infinitesimal portion of the film at the point
of contact will be frozen, forming the ice
bridge or bond B that has been assumed by
many former investigators. If the adhesion of
ice is chiefly due to this bridge or bond, which
is a solid material, the spheres will not rotate,
but will separate at a certain critical inclina
tion of the filament. The rotation must be
due to another property of the boundary lay
er, conceivably the adhesion due to the
liquidlike nature of the surface film. The
fact that the sphere does not rotate until a
critical moment of rotation is applied is ex
plained by the existence of the solid bond.
However, after this bond is broken, with the
moment of rotation reaching vuja tan 0, ad
hesion must be caused by the surface tension
of the film.

Rotation of the sphere can take place in
two ways: (1) with the center of rotation
fixed or (2) with displacement of the center
of rotation. In the latter case, if the displace
ment of the center of rotation is equal to the
length of the arc traversed by a point on the
surface, the locus of the point of contact is a
cycloid and the motion is a pure roll. The
stress given to the surface film will be normal

to the film, as shown by the single arrows in
Figure 6. When the center of rotation is fixed,
the moment of rotation will cause a tangential
stress in the surface film, as shown by the
double arrows in Figure 6. In our experi
ments, the displacement of the center of rota
tion is x in Figure 5, which is not equal to
the length of the arc PP'. The difference be
tween PP' and x is equal to the displacement
of the point of contact when the center of
rotation is fixed. So (PP' - .r) will give a
measure of the tangential strain on the sur
face film caused by this mode of rotation of
the sphere. The values of (PP' - .r), obtained
from the data in Table I, are given in Table
II. As for the nature of this tangential strain,
present data are not sufficient for further
discussion.

The moment of rotation is calculated by
equation (1), and the results tabulated in
Table II. If the rotation starts by breaking
the ice bond at the point of contact, the mo
ment of rotation must be related to the con

tact area between two spheres. The contact
area between two spherical surfaces can be
calculated from Hertz's equation:

a=l.l\/f|7 (4)
in which a is the radius of contact circle, P
the force at the point of contact, r the radius
of curvature, and E Young's modulus. For a
rough approximation, E is taken as 5 x IO10
dynes/cm2, and P is assumed as 0.01 dyne.

Figure 6. Model of Point of Contact between

Ice Spheres
B indicates supposed bridge of ice at point of contact.
Thick lines show the liquidlike surface films. Single
arrows indicate stress if center of rotation is displaced;
double arrows indicate stress if center of rotation is
fixed.
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Supplementary experiments showed that the
initial pressure between the two spheres
caused a remarkable variation in cohesion;
for example, an initial force of 0.1 dyne made
the cohesion more than ten times larger. In
this series of experiments, the initial force
was made as small as possible, and we esti
mate it to have been about 0.01 dyne or less.
So it is reasonable to assume P as 0.01 dyne.
The contact area A = ttci2 is calculated and

the result given in Table II.
The relation between the moment of rota

tion, which is considered to act primarily for
breaking the ice bond, and the contact area is
shown in Figure 7. As the moment of rotation
can be taken as a measure of the strength of
the ice bond, Figure 7 in effect shows the re
lation between the strength and size of the
ice bond. The result is qualitatively in agree
ment with what is expected. The points are
scattered over a wide range, chiefly due to
the fluctuation in P.

Neglecting the problem of rotation, the
normal cohesion is roughly calculated from
the angle of separation 0 by the equation:

Normal cohesion =. nut tan 6. (5)
This normal cohesion decreases with decreas

ing temperature (Fig. 3). The individual value
shows excessive fluctuation, which is consid
ered to be due mostly to the slight variation
in initial force between the two spheres. Most
of the experiments were carried out with the
initial condition such that the force acting at
the point of contact was unmeasurably small,
say 0.01 dyne or less. A slight increase in this
force causes a remarkable increase in cohe
sion. In one example, with minimum initial
force, the cohesion was about 1 dyne at
-5.5°C, the radius of the sphere being 0.7 mm.
Under the same condition, when a force of

Table II. Tangential Strain, Moment of Rotation, and
Contact Area in Rotations of Ice Spheres of Distilled Water

(PP'-.r) mga tan <t> contact

No. mm dyne, .cm area A, ff

1 0.41 0.44 0.19

2 0.42 0.74 0.19

3 0.18 0.06 0.14

4 0.39 0.53 0.19

5 0.35 0.19 0.17

6 0.34 0.18 0.17

7 0.16 0.06 0.16

8 0.05 0.03 0.16

9 0.34 0.26 0.16

10 0.25 0.13 0.16

11 0.25 0.13 0.16

12 0.28 0.23 0.16
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Figure 7. Relation between Strength of the
Ice Bond and Area of Contact

0.1 dyne was applied between the spheres by
a negative inclination of the filament, the co
hesion increased to more than 14 dynes, the
limit of our measuring device.

Another conceivable cause of fluctuation in
cohesion is the microcrystalline structure of
ice. It is well known that the melting point
of the boundary layer between component
crystals is lower than that of pure ice. As a
result, a large block of glacier ice is usually
easily separated into its component crystals
when it is kept at a temperature just below
0°C. In our experiment, the ice sphere is of
microcrystalline structure, and the area of
contact might be either a portion of the sur
face of a component crystal, or partly a
boundary layer between crystals. The cohesion
would be very different for those two cases.
So we cannot expect consistent cohesion
values in ordinary ice, which is made of many
component crystals.

Some experiments were carried out with ice
spheres made of 0.1 percent solution of NaCl.
Several interesting phenomena were observed.
Rotation of the sphere was very likely to oc
cur, and was observed quite often at such low
temperatures as -14°C. Among 17 experiments
at -14°C, rotation took place in 9 (Table III).
Comparing angles of separation d in Tables I
and III, we see that cohesion is far stronger
between ice spheres of 0.1 percent solution
of NaCl than between ice spheres of pure
water; cohesion of the former even at -14°C
is higher than that of the latter at -1°C or
-3°C.
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Table III. An<;les of Rotation and Separation for the Ice
Spheres of 0.1% Solution of NaCl

Temperature = -14 °C, / = 16.6 mm, a = 1.2 mm

Rotation and separation

Separation
without
rotation

No. <t>. *.' 02 #»' 03 #»' 6 No. e

2 5 4 37 35 65* 62 >65 1 39

3 24 23
— —

68* 62 >68 5 42

4 39 36 65 62
— — >62 7 39

6 34 31 66 62
— — >62 8 >71

10 43 39
— — — — >65 9 53

14 26 24
— —

67* 62 >67 11 55

15 43 39
— — — — >65 12 >71

16 27 25
— — — —

51 13 >71

17 23 21 36 35 66* 62 >66

* A slight shock is given to the box

Another interesting phenomenon is repeat
ed rotation, four examples of which are seen
in Table III. An asterisk shows that the second
or third rotation took place when a slight
shock was given to the measuring box. With
ice spheres of NaCl solution, the cohesion
showed a marked tendency to increase after

GPO 801250 — 1

rotation. All the above phenomena suggest
that some part of the impurity NaCl is con
centrated on the surface during freezing, so
that the surface layer has a more liquidlike
nature than the surface of pure ice.

All the results obtained from this series of
experiments may be explained by assuming
the existence of a liquid film on the ice sur
face, and no other explanation seems to be
adequate. Therefore, the authors consider that
this experiment shows the existence of liquid
water film on the ice surface.

The experiments were carried out in the
cold chamber of the Low Temperature Insti
tute, Hokkaido University, Sapporo, while one
of the authors (U. Nakaya) was in Sapporo.
The authors wish to thank the authorities of
the Low Temperature Institute for the use of
their facilities.
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