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Abstract—In the classical experiment for the regelation of ice, a weight loaded wire sling is made to pass
through a block of ice, but does not cut it apart because the plane of separation refreezes again.
The usual explanation is only based on the anomaly of water, specifically the decrease of melting

temperature with an increase in pressure; as stated
that heat conduction plays a dominant part in this

in the Clausius-Clapeyron equation. It is shown here
experiment,

The classical expertment was repeated with a variety of wires of different thermal conductivity and

diameter, and various pressures were applied.

From a simplified model for the heat conduction mechanism an equation for the prediction of the
penetration rate could be obtained. The agreement of this theoretical equation with the experimental
results is very good compared to other work. For metallic wires, the assumption of a linear temperature-
distribution around the wire gives better agreement than sinusoidal.

Perlon threads penetrate faster through the ice than theory predicts, thus indicating unseizable defects
in the theory. An interlayer influence of the material-ice combination, dominating the penetration rate,

couid not

NOMENCLATURE

radius of wire:

latent heat of fusion:

thermal conductivity

eftective length of wire;

maximum excess pressure |

heat conducted through ice;

heat conducted through wire material ;
heat required for melting:

radial distance in cylindrical coordi-
nates;

length interval of penetration in the ice:
temperature;

maximum  temperature  difference
(Clausius-Clapeyron equation);

time interval of penetration ;

specific volume, liquid state:

specific volume, solid state
penetration speed ;

water layer thickness:

temperature excess.

density;

heat flux:

be observed,

@, angle in cylindrical coordinates;

H, dynamic viscosity.
Indices

e, experiment ;

i, ice;

l, linear case

", wire material ;

n arbitrary material;

s, sinusoidal case;

t theory:

W, water,

1. INTRODUCTION
THE CLASSICAL demonstration experiment is
performed with a weight loaded wire, cutting
its way through a block of ice but leaving it
undivided. The usual explanation is given with
a melting of ice below the wire due to the increase
in pressure and a refreezing above the wire
where the pressure is released. Thus, regelation
appears to be a problem of thermodynamic
stability, only depending on pressure changes.
Many textbooks adhere to this explanation
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although as early as 1906, Ornstein [1] has
derived a formula for the penetration rates of
wires through ice, based on a theory of regela-
tion. This formula was tested by Meerburg [2]
with metallic wires. Descrepancies between
theory and experiment came up to 500 per cent.

In recent years Nye [3] described an elaborate
“theory of regelation” which in physical and
mathematical concept is similar to Ornstein’s.
This theory was connected to experiments by
Townsend and Vickery [4] on metallic discs
and spheres, and other experiments by Nunn
and Rowell [5] on metallic wires and Nylon or
linen threads.

Comparison between these experiments and
this theory revealed discrepancies up to 3300 per
cent (Townsend/Vickery) and up to 1800 per cent
(Nunn/Rowell), so that both, experimental and
theoretical results appear in doubt.

In a “‘supplementary note” it is argued by
Frank [6] that instabilities in the geometry of
the waterlayer around the wire may explain the
experimental results.

In our work which was started in spring 1967
without knowledge of the above mentioned
investigations, the classical experiment was
performed with wires of different materials
(silver, copper, iron, Perlon) with different dia-
meters at different bearing pressures.

2. EXPERIMENTS

2.1 Experimental procedure

A detailed description of the experimental set
up as well as the extremely careful preparation
of the ice was reported before by Hahne/Gri-
gull [7].

The penetrating wires were held in a rigid
wooden frame, loaded with weights according
to the excess pressure desired. The criterion for
a constant quality ice was its transparency,
Fig. 1. The dome-shaped cavity at the bottom
indicates the pond left behind in the ice during
the freezing process. The outer black lines give
the block boundaries.

No air inclusions or other visible contamina-
tions were allowed. In early experiments it had
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been observed that air bubbles in the ice cause
a wide scatter in the results and that these results
are always below those for ice without bubbles.

As the experimental result, the speed of
penetration of the wires through a block of ice
(40 x 12 x 12 cm) was observed. The penetra-
tion speed of each wire of a certain material, a
certain diameter, and a certain pressure was
observed for at least ten times. The silver- und
copper-wire experiments were performed many
more times.

Immediately before the test, the wires were
carefully cleaned with acetone and rinsed with
distilled water. Each wire was used only once.
Again, in ecarlier experiments it was observed
that deposits formed on the metallic wires if they
were used repeatedly. These deposits caused a
scatter in results and a decrease in speed.

Before the experiment, the block of ice was
stored for 45 min. at about 20°C, to secure a
0 °C temperature throughout its entire volume.
A special consideration was made for the heat
conducted along the wire from the surroundings
into the ice by the fin effect: The effective bearing
length of the wire was observed by subtracting
the lengths influenced by the fin effect from the
ice block width. The melting of the block around
its circumference during a test run caused a
pressure increase of about 10 per cent. The
pressures indicated are mean pressures of a run,

2.2 Results

2.2.1 Bare materials. Copper and Perlon (a
Nylon-type plastic material) were selected for
their big difference in thermal conductivity
which amounts to three orders of magnitude
{Table 1).

In Fig. 2, the results are presented in a plot of
experimental penetration rate w, vs, wire radius
a, with the mean excess pressure p. exerted by
the wire, as a parameter.

Experimental results shown here, were ob-
tained for copper wires with a radius of 0-25, 0-4
and 0-5 mm at pressures of 5, 7 and 10 bar and
for Perlon strings with radii 0-12, 0-17 and
0-24 mm at pressures of 5, 7 and 85 bar. Each



FiG. 1. Transparent block of ice in front of a black background.

Wire motion

FiG. 4. Water layer around the wire.
Unregelated ice: lower part of the picture
Regelated ice: upper part.

H.M. [ facing page 1058]
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Table 1.
experim Linear case Sinusoidal case
k radius  pressure, ’
Material {(W/mK) a P pf:f; r 3, Wy Wyl W, d, W W/ W,
(1073 m) (bar) " (10" *m} (mm/h) {107°*m) {(mm/h}
(mm/h)
Silver 419 0-50 10 5943 0-82 82-35 1-40 0-88 10034 170
Copper 350 025 5 28+3 0-59 6215 2:22 0-64 7571 270
0-25 75 46+2'5 039 9322 203 064 11336 247
0-25 10 7043 059 12430 178 064 15041 216
040 5 2243 073 4486 204 078 5479 249
040 7-5 3742 073 6729 1-82 078 82:18 222
0-40 10 57+3 073 8972 1-57 078 10957 192
0-50 5 20435 0-80 3836 192 0-86 46-85 2:34
030 75 3443 0-80 5754 169 0-86 7027 207
0-50 10 5443 0-80 7672 142 0-86 9369 174
Copper 350 025 10 6344 0-59 12263 1-80 063 14942 220
silverplated 10 pym 419 050 10 51+4 080 7609 149 086 92-94 1-82
Copper 350 025 10 1942 026 1026 054 0-28 12:95 0-68
varnished 1S um 06
Iron 58 025 10 4442 0-42 44-95 102 0-46 5612 1-28
Iron 58 025 10 3842 0-42 4473 118 0-46 5582 1-47
silverplated 5 ym 419
copper interlayer 5 pm 350
ron 58 025 10 1642 025 936 0-59 0-27 11-68 073
varnished 15 ym 06
Perlon 03 012 5 9405 012 2:26 0-25 013 2-86 032
012 75 140405 012 339 024 013 429 031
012 85 170405 012 384 023 013 4-86 0-29
017 5 62403 014 1-62 0-26 015 205 0-33
0-17 75 100 +03 014 242 0-24 015 307 0-31
017 85 110403 014 275 025 015 348 032
0-24 5 45402 015 114 0-25 017 1-44 032
024 75 65403 015 170 026 017 216 033
0-24 83 7-5+05 015 193 0-26 017 245 032
024 10 93403 015 227 024 017 2-88 03t

circle indicates a mean value from at least ten
observed single velocities and the shaded area
gives the statistic scatter with 95 per cent
probability.

The difference in the penetration speed of the
two materials with different thermal conduc-
tivity k is striking, The tendencies of the curves,
however, are the same: an increase in radius
cayses a decrease in speed.

The scatter in the results for Perlon is con-
siderably smaller than that for copper.

2.22 Coated materials. The assumption that
there always exists a very thin, water-like film

on the surface of ice as well as in any gap
between ice and some other material—which
was later proved by Fletcher [8], Bullemer/
Riehl [9], Nakamura [10]—had led to the
hypothesis by Weyl [11] that the different
penetration speeds for different materials should
be explained on the basis of different film
thicknesses rather than different thermal con-
ductivities.

In order to examine this reasoning, copper-
and iron wires were silver-plated and their speed
compared to that of pure silver. In another
comparison, insulating varnish as a poor ther-
mal conductor (k = 0-6 W/mK) was used for
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FiG. 2. Penetration speed of copper -and Perlon—wires
for different radii a at various pressures.
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material-ice combination would dominate the
regulation phenomenon, the velocity of bare
silver- and silver-plated copper-wires should be
the same for corresponding diameters and
pressures. The difference in velocity of bare
copper- and iron wires is maintained, however.
for silver-plated materials. Thus thermal con-
ductivity is dominant.

In the case of a varnish-coating for copper
and iron, also a difference in penetration rate is
observed. but this is much smaller now. For
comparison a Perlon result {¢ =024 mm

= 10 bar) is added. Perlon has about the same
conductivity {k =03 W/mK) as insulating
varnish, so again, the decrease in speed is due
to the decrease in thermal conductivity of the
coated wires.

A
m/h Rodivs o= 025 mm
" o= 10 bar
silver
Rd :05 plated
N s N
[ S D
S D
w1 H e b ]
belth RjfRy  dshun
nHEH 0 '
ﬁ R E N $§ Perlon
L

Fi1G. 3. Penetration speed of different materials, bare, silver-
plated and varnished. Constant pressure at two different
radii.

coating copper and iron. The silver plating was
10 um thick on copper, and 5 pm on iron with
an intermediate copper layer of 5 pum. The
varnish coating was 15 um thick. For two
constant pressures and two radii the results are
shown in Fig. 3. The height of each column
represents the mean penetration rate. If the

2.3 Observations in the experiments

In all experiments a distinct difference in the
structure of the ice in front and behind the
moving wire was clearly visible: while the ice in
front was completely transparent the refrozen
plane behind, maintained a milky, opaque
appearance with cloudy irregularities. This
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difference is shown in Fig. 4. This Fig. 4 isa black
and white print of a color photograph in which
liquid and solid state can be discerned by color.
During the experiments it could be observed
that bubbles formed along the wire while it was
penetrating through the ice. These bubbles were
lett behind in the ice while the wire moved away
downwards. They vanished about 15 min
after their first appearance. Whenever these
bubbles appeared, the penetration rate decreased
{71.

By dissolving a minimum amount of Fluo-
rescein-Sodium (C,,H,,Na,0,) in water, a
solution is obtained which can be used as a
tracer, because it exhibits luminescence under
UV irradiation. With a syringe the cold (0°C)
solution was injected along the wire. When the
bubbles formed, it was observed that within a
fraction of a second, they became filled with the
luminescent solution. Even though in daylight
it appeared as if the bubbles had completely
vanished after a while, a remaining luminescence
in UV light revealed that the liquid had not
entirely refrozen—there is no luminescence in
Fluorescein-Sodium solid state. The irregulari-
ties in the regelated plane, shown as white
spots here, are thus liquid filled islands in the ice.

As white lines, the tracer method also discloses
a water layer of rather uniform thickness
beneath the wire and a thicker and very irregular
liquid layer above it.

Examination of penetration rate with and
without tracer, gave no difference beyond the
scatter mentioned before. No systematic drift to
lower rates was observed, as might be expected
because of depression of melting temperature.

3. THEORETICAL CONSIDERATIONS

3.1 Model assumption

The distinct difference in the penetration
speed of copper and Perlon as well as in the
coated-wire experiments show the dominate
effect of thermal conductivity on the penetration
mechanism. For a theoretical consideration, a
model, as sketched in Fig. 5 will be assumed.
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While the wire is moving through the ice, the
layer immediately below the wire melts. The
water containing the heat of fusion, is pressed
around the wire to the upper side where it
freezes again. In freezing, this heat of fusion is
set free and will be conducted to the melting
zone where it is needed.

For wire materials with a thermal conductivity
greater than that of ice, copper for example,
most of the heat will be conducted through the
wire. For materials such as Perlon. however.
the heat will predominantly be conducted

FIG. 5. Model for theoretical considerations.

around the wire through the ice. The driving
temperature difference is due to a difference in
pressure above and below the wire and can be
calculated from Clausius—Clapeyron’s equation,
which gives for water

ATy = T(v' — v) Apy/h = —0-0074 Ap,

Kelvin/bar (N
For the temperature distribution around the
wire, assumptions are made. It is further
assumed that the wire is surrounded by a water
layer which has to be passed by the heat con-
ducted. This later assumption is of decisive im-
portance in the case of well conducting materials,
since the thermal resistivity of such a layer
proves to be about the same as that of a metallic
wire. For steady state conditions the heat
balance will be:

Q = Qcm + Qci (2)
(2a)

with
Q = nalAsph
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and
(Lm = ¢mAt0:CLi= ¢#§t

3.2 Heat conduction equations

For the heat flux through and around the
wiie the knowledge of the temperature fields is
required. It will be obtained by solving the
Laplace equation, simplified for negligible end
etfects

(2b)

8%9 03 09
2
i a2 9
g or? tr or T 0p? 3)
with 3 being an excess temperature to a proper
isotherm. Such an isotherm is here the horizontal

line of symmetry with the temperature

T, = [Ti(e) + Tilg)]/2.
Ti(g) being the temperature. as a function of
the angle ¢, of the leading side of the wire.

The surface temperature of the wire will
undergo a steady change from the lowest value
at the leading point (¢ = —n/2) to the highest
value at the trailing point (¢ = +n/2). For the
boundary conditions it is assumed, therefore,
that the temperature along the circumference of
the wire follows either a linear distribution or a
sinusoidal. The same boundary conditions are
assumed for the surface of the ice adjacent to
the melting water. Full symmetry is assumed.
Boundary conditions:

Heat conduction through the wire

Linear case Sinusoidal case
Ha, ) = 28*¢/n Ha, @) = *sin @
for0 < @ < 7/2 forO0< o<

Ha, @) = 29%(n — @)/n
forn/2 <<=
Hr,0)=0:%r.7n)=0
forO0<r<a

(4)

Heat conduction through the ice

Sinusoidal case
Ha+ 0,¢) =sing
forO0<op<n

Linear case
HNa + 8.9) = 28" @/n
for0 < ¢ < m/2
Ha + 9, ¢) = 28%(n — @)/n
forn2<op<n

Hr,0)=0;3r,n) =0
fora+d<r< w.

(5
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The maximum excess temperatures $* and 37
are introduced for

I =T*—T,and 3" =T+ — T, = AT,/2.

By separation of variables, straight forward
solutions of the Laplace equation are obtained
yielding the temperature distributions:

Within the wire, linear case

o0

89* : 1 /r\ T
9 = — — - 1 — g1
wl - p; <a> s1nn2 sinne (6a)

n=

sinusoidal case
9, = S*gsin 0. (6b)

Within the ice, linear case

X

, _ 89 1<a+5>"sin T
0§ T\ n - sin ng

n=1

(7a)

sinusoidal case

9 _9+a+5

sin @ (7b)

The heat fluxes ¢ are obtained by integration

D=4 (8)

r=a+o

=L [ krgrad$de.
¢':0

With the thermal conductivity k assumed to be

uniform throughout the material considered,

the results are:

through the wire through the ice

linear case
¢m = Lk, 9*1/2 (9a) ¢; = Lk3"n/2 (10a)
sinusoidal case
¢m = 2Lk, 9*  (9b) ¢, = 2Lk 3" (10b)

The water layer surrounding the wire, and the
wire-coatings are assumed thin enough to be
treated as plane layers. Taking these layers into
account, equations (9a, 9b) are extended into
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¢, = Lad* n/2a/k,, + o/k,, + Zdn/k,) (9¢c)
6 = 2Lad* falk, + &/k, + Ton/k,). (9d)

3.3 Results
From the heat balance (2) with (2a), (2b) and
the Clausius—Clapeyron equation (1), the pene-
tration rate can be determined as:
_ T 1)
o= 4h’p,

1
Po [a/km + o/k, + Zonlk,

1
— 11
¥ a./k,-] th
in the linear case,
and as

Tl - V')
- nh’p;

ts

1
Po [a/km + o/k, + Tonjk,

1
— 12
* af ki:l (12)
in the sinusoidal case.

3.4 Water layer thickness

For the prediction of the penetration rate
from equations (11) and (12), knowledge on the
water layer thickness is lacking. Additional
information on this thickness can be gained
from the Navier-Stokes equation. In view of the
observations described in chapter 2.3, however,
this can only be approximative, providing the
order of magnitude for 6.

Assuming one-dimensional ‘“creeping flow”
(body forces «< viscous forces) for a constant
volume flow rate based on wire length: m =
wap,;/2p,, within a small slit of width §, with
one boundary fixed and the other moving with
penetration velocity w = w, or w,, the total
pressure drop around the wire is obtained as

6pawn | an p;
o= OG5 0|

(13)
Here p is the dynamic viscosity.

Combining equation (13) with (11) or (12)
gives for the linear case
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bpar [an pi | _ 4 pih
82 16, pu T T —v)
1
1 1] (14)

+ _—_
alk,, + d,/k, + Ld,/k, a/k;
and for the sinusoidal case

buafar p; 1 _ pich®
82 16, p. T T =)

: (15)
1 N
alk,, + ok, + 25,/k,  afk,

Practically, these third power equations in ¢ can
be solved by trial and error.

4. COMPARISONS

4.1 Comparison of experimental and theoretical
results

In Table 1 experimental and theoretical
results are compiled. The thermal conductivities
of the copper and iron-wires used, were meas-
ured, others were taken from handbooks. The
theoretical water layer thickness determined
from (14) or (15) for either case of temperature
distribution is listed and a slight dependence of
water layer thickness on the material-ice com-
bination can be seen [11], it is not decisive,
however.

Comparison of theory and experiment is made
by introducing the ratio of theoretical to
experimental penetration rate w /w, Discrepan-
cies in these data go up to 270 per cent for
metallic wires and up to 435 per cent for Perlon
threads.

For metallic wires a linear temperature
distribution along the wire’s circumference
proves more appropriate; for Perlon threads
the sinusoidal case gives better agreement.

With regard to the observations made in 2.3
the theoretical water-layer thickness appears
too thin; the irregularities in thickness are not
considered. The liquid islands in the regelated
region constitute a defect in the heat balance
since the respective heat of solidification is
missing. All these effects contribute towards a
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decrease in experimental penetration rate and
could explain the deviations.

For Perlon threads, however, the water layer
around the wire is not crucial since most of the
heat is conducted through the ice. Liquid left-
overs apparently have no effect since here
experimental velocity always exceeds by far the
theoretical. Observation of our polycristalline
blocks of ice at melting temperature revealed a
fine network within the entire block, probably
melted layers along grain-boundaries. Thus it
appears likely that the latent heat of melting is
not only delivered from the regelating zone, as
theory states, but also from other parts of the
ice close enough to the melting region. The
difference in scatter of experimental data for
copper and Perlon (Fig. 2 and Table 1) can
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both sides of the ice and bubbles in the block:
both occurrences proved to be interconnected
in our observations [7]. For the lack of sufficient
data no direct comparison to Meerburg’s
experiments is possible. In Table 2 theoretical
results according to [3] and experimental
results by Nunn and Rowell [5] are listed from
their “Table of results” [5] and compared to
results as obtained from our equations. Physical
properties were taken as given in [5].*

Our results give a thicker water layer by
about 10 per cent and always lower values of
the theoretical penetration rate. The ratio
W/ W, indicates that Nye’s velocities are about
twice as high as ours. The sinusoidal case was
chosen here for agreement in boundary condi-
tions. Even more advantageous for metallic

Table 2
Nye/Nunn Hahne/Grigull
Material k radius, pressure Wiy Wer  WaWey Oy & Wy W WM Wy Wy
(W/mK) a p  {(107°m) (mm/h} (mm/h) (107 *m)(10 " *m) (mm/h) (mm/h)
(107 °m) (bar)

Silver 419 025 348 0570 12024 7-20 17 062 067 466 5641 2-13 647
Copper 385 036 2-41 0-665 6372 3-60 18 073 078 2453 30-00 212 681
0-55 383 0-799 74-88 612 12 087 093 29-24 3594 2-08 478

0-79 5-42 0938 83-52 7-20 12 1-02 110 3181 39-06 214 4-42

0-79 1-81 0938 2779 252 11 1:02 1-10 10-62 13-04 213 421

Carbon 50 019 842 0345  110-88 9-00 12 0-38 041 44-48 5599 198 494
steel/Iron 023 362 0-369 39-96 4-68 86 0-41 044 1605 20-24 1-97 342
023 724 0-369 7992 9-72 82 041 044 3210 40-48 1-97 330

0-28 596 0396 54-72 576 95 044 047 22:05 27-84 1-96 382

0-28 2:98 0396 2740 288 95 044 047 1102 1392 1-96 382

Nylon/Perlon  0-25 021 765 0136 504 504 1 015 016 204 2:60 194 041
043 372 0172 120 1-73 069 019 021 0-48 0-62 1-94 028

043 5-58 0172 1-80 2-59 069 019 021 073 093 194 0-28

wires, however, is the assumption of a linear
temperature distribution, as comparison to the
experimental results of Nunn/Rowell in w,/w .y
leads to about a 25 times improvement over
wn/Wy. The comparison of experimental velo-
cities w, from Table 1 and w, from Table 2

indicate the presence of all mentioned effects
for copper, while for Perlon the latter only is
relevant.

4.2 Comparison to other investigations
Ornstein’s [1] and Nye’s [3] theories are
alike in the concept of cosinusoidal pressure—
and temperature-distribution around the wire.
Meerburg [2] reports on occasional grooves on

* The resistivities of ice and water given there on page
1283 are misprinted by 10% For calculations correct values
were used, there and here.
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shows that our values are always considerably
higher. For difference in radii, pressure and
thermal conductivities, direct comparison is not
possible, but those cases which agree sufficiently
in these parameters justify the statement. As
mentioned in 2-1 and 2:3 contamination in the
ice always causes a decrease in wire speed, so
that the higher velocities can be considered more
reliable. Thus the great discrepancies between
theory and experiment wy/wy are caused by
both too high theoretical values and too low
experimental.

5. CONCLUSIONS

1. The classical experiment for the regelation
phenomenon does not only exhibit a pressure
dependence but also a strong influence of the
thermal conductivity of the penetrating wire.

2. The dependence of penetration rate on a
surface effect of the material-ice combination
could not be confirmed.

3. The big scatter in the penetration rate of
metallic wires is due to anirregular water layer
thickness around the wire and irregular
refreezing behind the wire. For Perlon, the
scatter is much smaller because water layer
thickness is irrelevant.

4. A simplified model for the heat conduction
mechanism yields equations for the penetra-
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tion speed with relatively good agreement to
experiments for metallic wires.

5. The deviations in theoretical and experi-
mental speed for Perlon wires reveal an
unseizeable defect in theoretical heat balance
for heat may be supplied from melted grain-
boundaries rather than from the regelated
zone.
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LE REGEL DE LA GLACE. UN PROBLEME DE CONDUCTION THERMIQUE

Résumé—Dans I'expérience classique du regel de la glace, un fil tendu passe & travers un bloc de glace,
mais celui-ci-ne peut &tre coupé car le plan de séparation géle & nouveau.

L’explication usuelle est seulement basée sur 'anomalie de I'ean, spécifiquement la décroissance de la
température de fusion avec un accroissement de pression comme I'établit I’équation de Clausius-Clapeyron.
On montre ici que la conduction thermique joue un rdle prédominant dans cette expérience.

L’expérience clagsique est répétée avec une variété de fils de conductivités thermiques et de diamétres

différents et en appliquant des pressions variées.

A partir d’'un modele simplifi¢ pour le mécanisme de conduction thermique on peut obtenir une équation
par I’estimation de la vitesse de pénétration. Comparé 3 un autre travail, I'accord de cette équation théorique
avec les résultats’ expérimentaux est trés bon. Pour des fils métalliques, 'hypothése d'une distribution
linéaire de température autour du fil est meilleure que celle d’une distribution sinusoidale.

Des fils de perlon pénétrent plus & travers la glace que ne le prédit 1a théorie, ce qui indique ainsi des
défauts non maitrisés dans la théorie. L’influence interfaciale du couple matériau-glace dominant la

vitesse de pénétration n’aunrait pas été considérée.



E. W. P. HAHNE and U. GRIGULL

DIE REGELATION DES EISES—EINE PROBLEM DER WARMELEITUNG

Zusammenfassung- Im klassischen Experiment fiir die Regelation des Eises schneidet sich eine gewichtsbe-
lastete Drahtschlinge durch einen Eisblock ohne ihn zu zerteilen; denn die Trennfuge verschmilzt wieder.
Die {ibliche Erkldrung dafiir beruht nur auf der Anomalie des Wassers, speziell der Abnahme der Schmelz-
temperatur bei Druckzunahme nach der Clausius-Clapeyron Gleichung. Es wird hier gezeigt, flass die
Wairmeleitung eine dominierende Rolle in diesem Experiment spielt. Der klassische Versuch wurde mit
einer Vielzahl von Drihten unterschiedlicher Warmeleitfahigkeit, Durchmesser und Gewichtsbelastungen
wiederholt.

Nach einem vereinfachten Modell fiir den Vorgang der Warmeleitung konnte eine Beziehung zur
Berechnung der Durchziehgeschwindigkeit der Drahtschlinge erhalten werden. Die Ubereinstimmung
dieser Beziehung mit den Versuchswerten ist im Vergleich zu anderen Arbeiten sehr gut. Die Annahme
einer linearen Temperaturverteilung um den Draht liefert bei metallischen Drihten eine bessere Uberein-
stimmung als sinusférmige Verteilung.

Fiir Perlonschniire ist die experimentelle Geschwindigkeit stets grosser als die theoretische, wodurch
sich noch theoretisch unerfasste Einfliisse andeuten. Ein von der Material-Eis-Paarung ausgehender
dominierender Zwischenschichteinfluss konnte nicht nachgewiesen werden.

MOBTOPHOE 3AMOPAKNBAHUE JIBJIA. 3AJAYA TEILJIOIIPOBOJHOCTHU

AHBHOTAIAA—B KIacCHYeCKOM 9KCIEepMMeHTe ¢ IOBTODHEIM B3aMODAKMBAHHEM JIbJA
Harpy#eHHAA NPOBOJIOYKA IPOXOIUT Yepes 610K JIbAA, HO He pa3pesaeT ero Ha JBe OTAEJIbHEIE
YaCTH, TAK KaK IJIOCKOCTh pa3pesa CHOBa 3aMepaaer.

O6p1uHoe 0GBbACHEHHE OCHOBHIBAETCA HA AHOMAJBHOM IIOBEleHMM BOQH, W B YACTHOCTH,
0OBLACHAETCA IOHHMEHMEM TEeMIIEPATYPHl ILIABJIEHHA NpU YBeJaHYeHMH JABJIEHHA, KAK 9TO
aBcTByer u3 ypasHenns Kuaysmyca-Hiane#ipona. B gamHoff pafore mokasaHo, 9TO B 3TOM
HKCIIEPUMEHTe JOMHHUPYIOIIYIO POJIb UTPAET TEIJIONPOBOXHOCTD.

Kaaccuueckuit sxcrepuMeHT OBUT IOBTOpEH C IPOBOJOYKAMM DPAa3HOTO [HAMETPA M ¢
PasHOl TeNIONPOBORHOCTHIO NPH PA3TMIHHX JABIACHUAX.

U3 ynpomeHHO! MOTEeI MEXaHIH3MA TeNJIONPOBOJHOCTH MOKeT OHITh MOAYYeHO ypaBHEeHUe
JUIA pacuTa CKOPOCTH NPOHMKHOBeHMA. ITo cpaBHeHMIO ¢ ApyrAMM pafoTaMy IHOJNyYeHO
XOpolllee COTJIACOBAHME TEOPETHYECKAX N JHKCIEPHUMEHTANbHBEIX peaynbraros. Jlydmee
COTJIACOBAHUE PE3YJbTATOB JIA MeTALINYeCKMX MNPOBOSIoYek AaéT AonylleHWe JHHENHOTro,
a He CHHYCOMAAIbLHOrO pachpeResleHus TeMIePaTyPH BOKPYT HPOBOJOYKH,

B oramume OT TeOpETHYECKHX PACUYETOB MEPIOHOBHIE HATU NPOXOAAT Yepes JNEN GHCTpee,
YTO CBHAETEJIBCTBYET 0 HeZoCTaTKAX TEOPHH.

He 6put0 06HApY#EHO 3aMETHOTO BIMAHMSA HA CHOPOCTH NPOHMKHOBEHHMA MPOCIOMKMU

MEM/IY JbJOM U MaTepHaJoM.



