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Fig. 1 Experimental apparatus
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Relationship between applied force and time
A) A method of application of force
B) a) Constant speed application
b} Real application

Fig. 2
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Table 1—1
- % & | M IE
o g | F B | s %ﬁsﬁﬁ%} gﬁgfgﬂﬁ g;%%g
(W) | (dyn) | (@yn) | Geq) |(x10249)| () (1)
1 a 47 319 25 i 18.7 ; 3.34
b 92 12 | 5.38 i
[ 100 10 5.85
d 38 9 2.22
e 22 b 0% 8 1.29 ]
f 9.5 5 0.556
g 215 8 1.26
h 24 8 1.40
i 20 7 1.17
2 a 122 7 0.065 5 0.409 0.25 8.66
b 5 = O* 5 0.292 =0
c 9 0.033 6 0.526 0.16
d 2 0.033 4 0.117 0.16
e 6 0.033 5 0.351 0.16
f 4 0.065 4 0.234 0.25
g 12 0.065 6 0.702 0.25
3 a 125 12 0.065 7 0.702 0.25 8.88
b 25 0.033 12 1.46 0.16
[ 54 =~ 0% 10 3.16 =0
d 20 0.033 9 1.17 0.16
4 a 166 96 0.065 11 5.61 0.30 11.8
57 0.065 10 3.33 0.30
c 38 0.065 9 2.22 0.30
5 a 169 10 x 0* 4 0.585 I~ 12.0
b 10 0.033 5 0.585 0.18
c 10 0.065 5 0.585 0.30
d 7 0.033 5 0.409 0.18
e 14 0.033 5 0.819 0.18
f 15 0.033 6 0.877 0.18
g 16 = 0% 5 0.936 =
h 21 0.033 6 1.23 0.18
i 18 0.033 5 1.05 0.18
6 a 250 82 0.098 9 4.80 0.51 17.8
b 35 0.065 7 2.05 0.39
c 37 0.065 7 2.16 0.39
d 39 0.065 7 2.28 0.39
e 33 0.033 7 1.98 0.25
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Table 1—2
o g | B[N E | gy | B | Be 2 | ARRS
S Sp St
(1) dyn) | (dyn) | (sed) |(x102p%) | (p) (¥
7 a 364 58 0.19 8 3.39 1.02 25.8
b 39 0.26 7 2.28 1.26
c 51 0.75 7 2.98 2.54
d 16 0.78 5 0.936 2.61
e 32 098 4 1.87 3.04
8 a 397 27 0.13 1.58 1.06 28.2
b 49 0.13 8 2.87 1.06
c 206 0.19 14 12.0 1.08
d 10 0.13 7 0.585 0.84
e 372 0.065 18 21.8 0.53
f 300 =~ 0% 16 17.5 =0
9 a 435 169 = O* 20 9.88 = 30.9
b 396 0.16 25 23.2 1.02
c 141 2.66 13 8.25 6.70
d 65 0.33 13 3.80 1.66
e 454 0.59 26 26.5 2.44
f 91 = 0% 8 5.32 =0
10 a 645 189 1.4 12 11.1 5.65 45.8
b 374 1.04 18 219 4.62
[ 378 75 17 22.1 173
d 359 14 20 21.0 5.65
e 360 15 19 21.1 591
11 a 890 700 2.5 36 40.9 10.3 63.2
b 420 2.0 23 24.6 8.9
c 700 10.0 28 40.9 26.0
d 280 1.2 19 16.4 6.3
e 200 1.2 13 11.7 6.3
f 210 =~ O* 13 12.3 =
g 530 0.5 25 31.0 35
h 250 0.5 15 14.6 3.5
12 a 944 427 4 17 25.0 14.7 67.0
b 235 13.5 11 13.7 32.7
c 240 1.85 19 14.0 7.1
d 444 35 15 26.0 13.4
e 368 0.58 21 21.5 4.1
f 442 0.78 21 25.8 4.9

>~ 0L P <0.033dyn %8s+ 2,
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Table 1—3
T e | e o | et | meanmemn | &S] BR[| KEEEED
5 W 4= R B G iﬂipﬁf) #H M‘«me 5] | il /‘ng & | ﬁg{ TR | B TR
r L
I e (dyn) | Mdyn) o fsec) [(X102p%) ) (ef) | _{(#?)
13 a 1000 195 5.5 15 1140 ‘ 18.9 71.0
b 414 5.1 22 2490 179
¢ 380 2.8 21 2220 12.0
d 177 0.5 12 1040 3.9
e 297 3.4 17 1740 13.7
f 398 6.8 23 2330 21.7
g 394 2.2 — 2300 —
14 a 1250 310 25 12 1810 12.9 83.8
b 330 1.2 14 1930 7.9
c 195 3.2 9 1140 15.2

Experimental results
R; radius of ice sphere sample
F; cohesive force between ice sphere and ice plate
P initial applied force
¢; contact time
S'; final contact area calculated by eq. (1)
Sp; contact area produced by initial applied force
Sr; frozen area of liquid-like layer calculated by eq. (2)
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&R+ 5, 20 S, Sp, S id Table LR LTH 5,
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BHED P Lkov v r®Rey E=5X100dyn-cm=? & U THE UMk X % Sk
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DA EZ ES 107dynem 2 BIETL 5 T FENBEL T RS RIENTR D 5 1 2
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Fig. 5

Relationship between cohesive force F and radius of ice sphere R.
Broken line indicates the cohesive force calculated by Fr=06Sz (¢}
tensile strength of ice=17.1X108dyn-cm~2. Note our experimental
results are distributed above this broken line
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Summary

When two ice spheres are brought into contact with each other, they freeze together
at the contact point and ice bonds begin to grow with time at temperatures under the
melting point of ice. In this case, the force required to separate the two ice spheres is
called the cohesive force. The present authors measured the cohesive force as a func-
tion of the size of ice spheres.

This is necessary as a preliminary step to find a criterion concerned with the initia-
tion of blowing snow or blizzard. Hitherto, the cohesive force between two ice spheres
has been measured by several authors, but the attempts were unsuccessful in obtaining
the normal cohesive force, that is to say the force required to separate ice spheres per-
pendicularly at the contact area, because they used the methods caused a mutual coun-
ter rotation before the separation took place. Though this rotation itself has been
accepted as proof of the existence of liquid-like layer on the ice surface, the above
workers could not obtain the normal cohesive force between the icespheres.

In our experimentation the following simple method was used. A small ice sphere
was suspended from one end of a sensitive lever as shown in Fig. 1. A flat ice plate
placed on a horizontal movable stage was carefully brought into contact with this ice
sphere, and then the ice plate was moved downward until separation occurred. At the
moment of separation, the normal cohesive force was successfully measured by a non-
stick type strain gauge connected to the other end of the lever. The cohesive force was
measured in the air saturated with respect to ice at —5°C, using ice spheres of a radius
ranging from 47 to 1250 p.

The experimental results are shown in Table 1 and Fig. 5. As seen in these figures,
the observed values of cohesive force showed a wide dispersion, on the radius of ice
spheres and contact time, but it may be seen that the cohesive force increased with

increasing radius of ice spheres.

The cohesion between ice spheres may be explained by the following possible
mechanisms; pressure melting and refreezing by initial applied pressure, freezing of
“liquid-like layer” and ice-bond growth by sintering.

Among them, the pressure melting theory was not applicable for explaining our
experimental results, because the initial applied force (Table 1) was too low to melt the
ice at the contact area. The liquid-like layer theory seems to be applicable to explain
the cohesion between the ice sphere and the plate at the moment of contact, but further
growth of the contact area must be explained by the so-called sintering process.



