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The motion of a wire through ice by the regelation process has been measured in the tempera-
ture range —0.006 to ~35°C. The motion of the wire was interpreted as an indication of a finite
mobility of water in a liquid layer between the wire and the ice over this entire temperature range.
The measured values of the mobility would indicate that the viscosity of the water in this
layer is equal to the viscosity in the bulk water at least down to —15°C or to a layer thickness
of about 1 nm. A good approximation to the liquid layer thickness over the range of the
experimental results is # = 3.5 (=7) V2% where % is in nm and T is in degrees Celcius.

1. INTRODUCTION

There are a number of phenomena associ-
ated with the behavior of an ice surface that
have been the subject of continuing con-
troversy over the past 100 years. These
phenomena include the low sliding friction
of ice, the sintering of ice particles, frost
heave in soils, and the passage of a weighted
wire through ice. The controversy originally
centered around the explanation of Fara-
day’s (1) experiments on the sintering of ice
particles. The explanation put forward by
Faraday (1) and Tyndall (2) was that ice
melted on some parts of the ice particle,
the water flowed along the surface of the ice
in a thin ‘‘liquid-like’’ layer, and refroze at
the contact between ice particles. Tyndall
introduced the term regelation for the
process by which ice can change geometry
by undergoing simultaneous melting and re-
freezing. J. Thomson (3) and W. Thomson
(4) attacked the suggestion that a ‘‘liquid-
like”’ layer existed on the ice surface and sug-
gested that the phenomenon could be ex-
plained entirely by pressure melting con-
sideration. The debate over the nature of
an ice surface and in particular the region of
contact between ice and a substrate has con-

tinued to the present. One of the problems
that has been used to test the wvarious
theories is the problem of the motion of a
wire through ice by the regelation process.
The passage of a weighted wire through
ice was first reported by Bottomley (5).
Since then there have been numerous
studies of this phenomenon. In most of the
studies the ice through which the wire
passed was maintained at or very near to
0°C. For ice at 0°C the mechanism for the
phenomenon which has been widely ac-
cepted in the past depends on the pres-
sure melting theory. In this theory the pres-
sure of the wire on the ice produces the
melting in front of the wire and refreezing
behind it. The heat required for the melting
of the ice on the front side of the wire
comes from the heat released by refreezing
of the water behind the wire. As a result
the rate of passage of the wire is largely
controlled by the rate that heat can be
conducted across the wire. In several of the
more recent studies this process has been
quantified (6, 7). When quantitative predic-
tions based on this theory are compared
with measurements some very significant
discrepancies between theoretical and ex-
perimental values have been found.
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In experiments by Nunn and Rowell (8)
measured and predicted velocities agreed
for wires of low conductivity materials,
however, for wires made of high conduc-
tivity materials, such as copper, which
move at large regelation velocities, the
measured velocity is less than predicted.
This discrepancy appeared to be associated
with the formation of a visible track of
vapor or air bubbles in the wake of the
wire. Frank (9) has noted that there is a
potential instability of the refreezing front
behind the wire that might be responsible
for these observations.

A second anomaly was observed by Drake
and Shreve (7) for wires subjected to low
applied pressures. They observed that these
wires could proceed through the ice at
regelation velocities a factor of 100 smaller
than would be predicted from the pressure
melting theory. This depression of the
regelation velocity was attributed to the in-
fluence of impurities being trapped in the
water layer around the wire. They observed
a transition from these slow velocities to
velocities much closer to those predicted
by the pressure melting theory at pressures
of about 0.1 MPa. This transition they sug-
gest occurs when the concentration of the
impurities behind the wire reaches a point at
which rejection of impurities in the wake of
the wire can occur. Townsend and Vickery
(10) have also reported regelation velocities
for spheres which in some cases are as
much as a factor of 30 less than expected.

The anomalously low regelation velocities
mentioned above have all occurred in ice
at or nearly at 0°C. It has been known for
some time that regelation may also occur, at
very low velocities, in ice at temperatures
considerably below 0°C. Telford and Tufner
(11) have done a study of the regelation
velocity as a function of ice temperature
and report measurable regelation velocities
down to —4°C. They suggest that regelation
at these low temperatures proceeds because
of the mobility of the water in the ‘“‘liquid-
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like” layer between the wire and the ice as
suggested by Faraday (1) and Tyndall (2).
A quantitative theory of the “‘liquid-like”
layer was developed by Fletcher (12) from a
consideration of the entropy of molecular
orientations near a surface. Telford and
Turner (11) used the predicted liquid layer
thickness to calculate regelation velocities
for comparison with their measurements.
They found that calculated regelation
velocities were substantially lower than
their measurements. Also, in their measure-
ments they found that the regelation velocity
was proportional to the third power of the
force applied to the wire whereas the pre-
dictions based on Newtonian flow in the
liquid layer would suggest a linear de-
pendence. It should be noted, however, that
at the pressures used in these experiments
(4.6 MPa) some plastic deformation of the
ice may have occurred. Telford and Turner
(11) observed a factor of 100 increase in
regelation velocity for temperatures warmer
than —0.5°C which they attributed to the
effect of pressure melting.

A review of the regelation experiments
would then suggest that two different modes
of regelation exist—a fast mode which
occurs for high pressures and in ice near
0°C and a much slower mode (several
orders of magnitude slower) that occurs at
lower pressures and, or at lower ice tem-
peratures. Using a model which includes
both an equilibrium ‘‘liquid-like’” layer and
the effect of pressure melting on the thick-
ness of this layer Gilpin (13) has predicted
this two-mode behavior. Regelation ve-
locities for the faster mode are quantita-
tively predicted by the pressure melting
theory—at least for cases in which refreez-
ing behind the wire is complete. In this
paper experimental observations on the
slower mode will be examined with the
objectives of comparing its behavior with
predictions and of determining the thickness
and water mobility in the liquid layer at
an ice—substrate interface.
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2. EXPERIMENTS

A schematic diagram of the apparatus
used is shown in Fig. 1. The wire which
moves in the ice was stretched across the
open end of a fork with was in turn attached
to the core of a linear displacement trans-
ducer. The ice sample which was held in a
U-shaped holder oriented at 90° to the fork
holding the wire was 10 mm wide in the di-
rection of the wire. The wire could be put
under tension so that the deflection of the
wire when under load was normally less
than 1 mm.

A water-tight cylinder containing the en-
tire apparatus was immersed in a constant
temperature bath during the tests. The
regelation velocity was determined from a
chart recording of the displacement trans-
ducer output versus time. The bath used
was a calibration standard bath which could
maintain a set temperature to within
+0.002°C for a period of a week or more.
The temperature uniformity in the test vol-
ume of the bath was 0.002°C. Temperatures
were measured with a resistance thermom-
eter with a NBS tracable calibration. The
specified accuracy of the temperature
measurement system was +0.001°C.

Ice specimens for the test were grown
by slowly freezing a well-stirred container
of triply distilled water from the bottom up.
Freezing was stopped when approximately
one-third of the water was frozen. By
regulating the temperature of the cold sur-
face on which the ice formed a constant rate
of growth of about 10 mm per day was main-
tained. The ice produced had a columnar
grains oriented parallel to the ¢ axis. The
diameter of these grains ranged from 2 to
10 mm. The direction of the regelation
relative to the crystal orientation could also
be varied by cutting samples in different
directions from the ice block that was
grown.

Regelation measurements were made in
the temperature range —0.005 to —35°C. In
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F1G. 1. The wire regelation apparatus.

addition to ice temperature the wire diam-
eter, the wire material, the surface prepara-
tion of the wire, and the weight applied to
the wire were varied.

3. THEORY

In (13) it was found that the effects of
pressure melting on the regelation velocity
could be neglected if P’ < 1. P’ is the ratio
of the pressure on the wire cross-section,
P, to the pressure required for pressure
melting, P.;

, P
P = I_’—C (1
where
P = ———F 2
~ 2IR 21
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Ice

F1G. 2. A schematic representation of a wire moving
through ice by regelation.

and
L(T; - 1) Vg _
=" + ags. K. 3
AvT, . SL (3]

P,

If the effects of pressure melting can be
neglected the thickness of the liquid layer
around the wire can be assumed to be con-
stant and equal to its equilibrium value for
zero applied pressure. In this case the thick-
ness, A, is just a function of the character-
istic temperature

T, ]
TC =T — Tf - Z— USO-SLK- [4]

For wires of the diameter used 12.7 to 381
pm the curvature term in Eq. [4] alters the
temperature at most by 0.004°C. Therefore,
its effect can be neglected except when the
ice temperature is very near to 0°C.

In Fig. 2 a schematic drawing of a wire
passing through ice is shown. In this draw-
ing the thickness of the liquid layer, 4, is
exaggerated. In actual fact the ratio of #/R is
approximately 1073. A derivation of the
regelation velocity, Vg, was given in (13);
however, it will be convenient to review
that derivation here and then consider vari-
ous possible corrections to it. In the deriva-
tion in (13) it was implicitly assumed that
the regelation velocity was much smaller
than the flow velocity in the liquid layer.
This assumption follows directly from the
fact that #/R is assumed small. With this
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assumption the flow in the liquid layer is as
shown in Fig. 3a—that is channel flow
between two stationary walls. In (13) the
equation for the flow rate at some angular
position, 6 in such a channel was

all = —k = [5]

vy, RdO

where K = h%/12m and [ is the length of the
wire in the ice. Equation [5] is the same as
one would expect for normal Newtonian
flow in a parallel plate channel except for
the factor vgv;. This factor which is
neglectable for most practical purposes arises
because the variation in pressure across the
liquid layer predicted by thermodynamic
equilibrium equations was included in the
calculation (13). From continuity con-
sideration the flow rate in Eq. [5] is related
to the regelation velocity by

g/l = kdt V&R sind. [6]
Us
Combining [5] and [6] and integrating over
6 gives the pressure distribution around
the wire
2 2
P= <”_L-> YeR120 cos0 + ©). 17]

v h?
As noted in (13) this calculation determines
the pressure only to within an arbitrary
constant. The value of this constant pres-
sure in the liquid layer may be important
for the situations where the wire is near
the pressure melting condition, however,
the net upward force, F, produced by the
pressure distributed around the wire is inde-
pendent of the constant.

Fo = (BE)ZVR1<—]I§—)3127777 (8]

Us

This is the equation derived in (13). There
are, however, some additional components
to the upward force on the wire the mag-
nitudes of which should be evaluated and
compared to Eq. [8].
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F1G. 3. (a) Basic flow assumed in liquid layer. (b) Additional shear flow caused by relative motion
of wire and ice. (¢) Effect of relative motion for a rough wire surface.

In Fig. 2 it can be seen that the water
flow in the liquid layer produces a shear
stress on the wire surface. The magnitude
of the shear stress, Y, is

Y= [9]

Integrating this stress over the wire surface
gives an upward force of

2 R 2
F, = (P_L) vﬁ(ﬁ) 6an  [10]
v h
and ratio
Fo _1h (1]
F. 2R

That is F, is of the order of #/R smaller
than F, and since the assumption has al-
ready been made that A/R is very small F,
can be neglected.

In the derivation of Eq. [8] it was as-
sumed, as was indicated in Fig. 3a, that to a
first approximation the ice and the wire sur-
face were not moving relative to each other.
In actual fact the two surfaces are slipping
by each other at each point around the wire.
The shear flow that this would generate is
shown in Fig. 3b. The shear stress produced
by the differential movement of the ice and
the wire is

where V; = Vy sinf and the upward force
it produces is

R
F2 = VR—h—TT’Y]

The ratio of this force to the force F, pro-
duced by the pressure distribution,

Fo 1 /v\*(h\?

Fy 12 ( UL ) (R >
is of second order in terms of the small
parameter A/R. The effect of the relative
motion of the ice and the wire is, however,
much more significant if the surface rough-
ness of the wire is included. Figure 3¢ shows
the situation that occurs when a rough sur-
face slides by the ice. Such a surface moves
by regelation with melting occurring on the
upslope of the roughness elements and re-
freezing occurring on the downslope. If the

roughness is assumed to be of a small ampli-
tude and sinusoidal, that is

{13}

27R
R = AR sin 2780, g,

(14]

An effective shear stress of

AR? /v.\?
Yerr = 3 ﬁ(f‘) Vr

h3

[15]

is created at the wire surface. The net up-
ward force on the wire produced by surface
roughness is then

2
F; = (2) Vr

Us

AR*R

= 3am. [16]

Journal of Colloid and Interface Science, Vol. 77, No. 2, October 1980



R. R. GILPIN

440

"(u2s3uny 193oweIp WY £°Z]) PISN SAIM S} Jo dUO Jo 2Imdrd 2dodSOION UOII[S Suluueds § ‘o1

<0 AMA0E

Journal of Colloid and Interface Science, Vol. 77, No. 2, October 1980



WIRE REGELATION AT LOW TEMPERATURES

800 —

Wire = 25.4 pym Dia. Tungsten
Ice Temperature = —1.0°C
700 —

600 I~

400

Displacement (um)

300 -

200

100 -

441

Wire moving parallel to grain boundaries —__

MWire moving across grain boundaries

| 1 /I L S 1 |

8 10 12 14

Time (hr)

FiG. 5. Displacement versus time curves for regelation across and parallel to grain boundaries.

The ratio of this force to F, is then
F, 1 (AR )2

=R (17]

Fy, 4

This means that the amplitude of the rough-
ness on the wire can be as much as 10%
of the wire radius and it will still have less
than a 1% effect on the drag force on the
wire. Scanning electron microscope pic-
tures (Fig. 4) of the smallest diameter wire
(12.7 um) used suggest that the amplitude
of the roughness of these wires was of the
order of 0.2 um which is much less than
10% of the radius of this wire.

4. RESULTS
4.1. The Effects of Grain Boundaries

The displacement of the wire through ice
as a function of time is shown for two differ-
ent ice samples in Fig. 5. As mentioned
previously the ice used in the present ex-
periment consisted of long columnar crystals
oriented roughly parallel to the c axis. If the
wire was moving in a single crystal or
parallel to the grain boundaries in an ice

sample with more than one crystal a very
uniform rate of progression of the wire was
observed. The variation of the slope of the
displacement versus time curve in this case
was typically less than 1% over a period of
several days.

A less uniform rate of motion was ob-
tained if the wire traversed grain boundaries
as it often did if the ice was cut with the
¢ axis parallel to the wire. At the end of a
test the ice sample was removed from the
apparatus and allowed to melt. During the
melting the grain boundary pattern and any
other crystal imperfections become visible.
Periods of decreased regelation velocity
could be related to the passage of the wire
through such regions. The rate of regelation
in the center of a crystal away from grain
boundaries did, however, appear to be inde-
pendent of the crystal orientation. In the
data that will be presented the regelation
velocity was obtained by taking the slope
of the displacement versus time curve.
These data were considered as acceptable
only if a uniform rate of motion of the wire
was observed for a period of 8 hr or more.
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F1G. 6. The effect of ice temperature on the regelation velocities for several different wire diameters.

Note fast and slow modes of behavior.

4.2. Effect of Ice Temperature on
Regelation Velocity

Figure 6 shows the variation of regelation
velocity with ice temperature for several
different conditions. As was expected there
are clearly two different modes of regela-
tion—a fast and a slow mode. The condi-
tion for the transition between modes is
quite different than expected and will be dis-
cussed in a later section. The main interest
of this paper is, however, the slow mode
where it is assumed that the liquid layer is
at its equilibrium thickness and viscosity in
this layer limits the regelation velocity.

The advantage of using a range of wire
diameters is clearly seen in Fig. 6 as this
results in measurable regelation velocities
occurring over a wide range in temperatures.

4.3. The Effect of Pressure on
Regelation Velocity

Telford and Turner (11) presented resuits
for only one condition of pressure applied to
the wire. They did, however, state that the
velocity appeared to vary with the cube of
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the applied pressure rather than linearily as
would be expected from Eq. [8]. In Fig. 7
the variation of velocity with pressure is
shown for two ice temperatures. These re-
sults were obtained in the slow regelation
mode. It can be seen from these results that
a linear variation of velocity with pressure
occurred over the pressure range used in the
present tests.

4.4. Water Mobility in the Liquid Layer

In Eq. [5] a mobility coefficient, K, was
introduced. If the assumptions about the
liquid layer are correct this coefficient
shouid be a function only of temperature and
be independent of wire diameter and of the
pressure exerted on the wire. The coef-
ficient can be calculated from the measured
regelation velocity using Eq. [8],

h3 . W(UL)z ‘/RR2

18
P (18]

Us

Figure 8 shows the mobility coefficient as a
function of ice temperature. This figure in-
cludes wire regelation tests taken on 13 dif-
ferent ice samples using the range of wire
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diameters, wire materials, and loading pres-
sures shown on the legend. It can be seen
that the mobility, as calculated from the
equation, is unaffected by any of these
parameters.

For various runs different methods of
wire preparation were also tried. These
included no cleaning of the wire, washing
the wire in dilute sulfuric acid followed by
distilled water, and ultrasonic cleaning in
acetone. There was no detectable influence
of any of these surface preparation methods.

The major factor that controls the water
mobility at the ice—wire interface is there-
fore the ice temperature. In Fig. 8 two
different domains of behavior are apparent
for the wire regelation tests. From about
T = —0.02 to —7°C the linear relationship
between the logarithms of mobility and tem-
perature suggests a power law relationship.
For temperatures colder than about T
= —7°C the mobility decreases more
abruptly.

In the present experiment the stability of
the temperature bath limited the maximum
ice temperature which could be studied to
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F1G. 8. The mobility of the water in the liquid layer as a function of ice temperature.
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TABLE I

Slow Regelation Results of Drake and Shreve (7)

Film

Mobility thick-

Diameter Pressure Velocity (m%(N — sec)) ness

Material (um) (MPa) (um/hr) (x107%3) (nm)
Nylon 120 0.2 54 3.6 42
250 0.2 25 7.2 53
Chromel 120 0.2 36 2.4 32
320 0.2 11 5.1 47
Copper 160 0.2 36 4.2 44
500 0.5 7 3.3 41

about —0.005°C. The uncertainty in the
temperature is approximately equal to
+0.003°C. Results for temperatures very
close to 0°C have, however, been ob-
tained by Drake and Shreve (7) by surround-
ing their ice sample with an ice—water mix-
ture. They observed the two modes of
regelation under these conditions. Table
I summarizes their results for the lowest
velocity mode. Applying Eq. [18] to this
data gives the values of mobility shown in
Table I and plotted at the left of Fig. 8.
The Drake and Shreve [7] results apply
ostensibly to ice at 0°C, however, as was
pointed out in (13) surface tension effects
could result in effective temperature for
these results being 0.0015 to 0.005°C below
the equilibrium freezing point. It is not,
therefore, certain that these values would
represent the asymptotic values as the ice
temperature approaches 0°C.

In (13) a theory relating pressure-induced
and temperature gradient-induced regela-
tion was developed. If this theory is cor-
rect the mobility can also be calculated from
measurements of the rate of migration of
particles in ice. Romkins and Miller (14)
have made such measurements for glass
beads. From Ref. (13) the mobility can be
related to the regelation velocity in a tem-
perature gradient, G, such that
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R _ 2/(1 + kp U, ULRTa
127 6k, vs LG

K = Ve [19]

The mobility calculated from the data in
Ref. (14) is plotted in Fig. 8 for comparison
with the wire regelation results. The mobil-
ity calculated from the migration data is
somewhat higher than that obtained from
the wire regelation experiment, however,
the general tend of the results is quite
similar. Romkins and Miller (14) did note
that the migration rates varied considerably
from particle to particle. Considering the
present observations that grain boundaries
appear to affect the regelations the varia-
bility observed may be due to the fact that
the ice used in (14) had a small grain size.
It should also be noted that there may be
differences in the liquid layer thicknesses
and thus the mobility between the silica sur-
face of the beads employed in the migration
tests and the metal surface of the wire used
in the present experiments.

4.5. Liquid Layer Thickness

The decrease in mobility with tempera-
ture that is observed in Fig. 8 could occur
in 2 number of ways. The first and most
obvious is that the thickness of the liquid
film, &, decreases with temperature. The
viscosity of the water in the film could also
be changed substantially either due to an in-
crease in viscosity with decreasing tempera-
ture or by an increase in viscosity caused
by the liquid film becoming very thin. Pos-
sible changes in solid or liquid phase density
are assumed to have a negligible effect com-
pared to the viscosity changes. The varia-
tion of bulk viscosity with temperature has
been measured for supercooled water down
to —10°C (15). A second-order polynomial
fitted to the viscosity data for water between
—10 and +10°C gives

T = mo(l + 0.0361 (-T)

+ 0.00083 (—=T)%) [20]
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where 7, is the viscosity at T = 0°C. Intro-
ducing this viscosity relationship into the
mobility equation the liquid layer thickness
can be written

M\ 13
h(—-—) = (12Km(1 + 0.0361 (—-T)
]

+ 0.00083 (=T)»)'3. [21]

Then if the viscosity in the liquid layer is
equal to the bulk viscosity, 7, the R.H.S.
of Eq. [21] gives the layer thickness. Figure
9 shows the results plotted in this form. The
liquid layer thickness implied from wire
regelation experiments with the assumption
of n = my, range from a maximum of about
40 nm at temperatures approaching 0°C to
about 0.5 nm at —35°C.

Nuclear magnetic resonance (NMR)
measurements have been made of the
amount of unfrozen water in a silica power
dispersed in ice. Baurer et al. (15) have
used these measurements to calculate the
thickness of the liquid layer. Their results
which provide a totally independent meas-
ure of the liquid layer thickness are in

remarkably good agreement with the pres-
ent results in the overlapping temperature
range of —2 to —20°C (see Fig. 9).

There is some indication that at tempera-
tures below about —15°C that the results
obtained from the wire regelation experi-
ment fall below the NMR measurements.
This would indicate that the viscosity in
the liquid film is increasing more rapidly
than would be predicted by Eq. [20]. At
—35°C the viscosity implied from Eq. [18]
using the mobility obtained from the wire
regelation experiment and the liquid layer
thickness obtained from NMR measure-
ments is 9.5 times the bulk water viscosity
at 0°C. Equation [20] would project that the
bulk viscosity of water at —33°C is 3.28
times its value at 0°C. The implication is
that the increase in viscosity caused by the
thinness of the liquid layer results in the
additional increase of about a factor of 3 at
the —35°C temperature.

These results are rather surprising in that
they suggest that water behaves as a normal
Newtonian fluid in layers of a thickness
down to about 1.0 nm or about 10 times the
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O-H band length and only in layers thinner
than this is there any suggestion of a vis-
cosity greater than bulk values. This result is
quite contrary to results obtained from
measurements made of sliding resistance.
Generally those studies have suggested that
the viscosity in the liquid layers is much
larger, 10 to 1000 times larger, than the bulk
values (15, 17), and this is in the temperature
range 0 to —5°C where no effect is seen in
the present experiments. A possible ex-
planation of this divergence of results may
be obtained by comparing Egs. [12] and
[15] for the sliding resistances of a smooth
surface, Y, and that of a rough surface, Y.
The ratio of these shear stresses is

syl

22
Y Vs h [22]

Therefore for the sliding experiments to be
used as a measure of the simple shear stress,
Y, in a liquid layer the value of the surface
uneveness, AR, must be significantly smaller
than the layer thickness, 4. That is, the sur-
face over which the ice is sliding must be
smooth and flat over the enter area of the ice
specimen to better than 1 nm. The large
variability of the results obtained from slid-
ing tests would also suggest that the surface
uneveness has an important effect on the
results.

The results in Fig. 9 were obtained from
a number of different sources and apply to
several different types of surfaces (silica,
metal, and nylon). On the basis of these
results there does not appear to be a large
effect of surface type on the liquid layer
thickness.

The data obtained by Telford and Turner
(11) was not shown on either Fig. 8 or 9.
Their data would lie above the present data
by a factor of 25 on the mobility and a fac-
tor of 3 in film thickness. This difference
is perhaps the result of the fact that large
wires under high loads were used in (11).
A few tests with similar conditions that were
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tried in the present experiment produced
similar results.

4.6. Liquid Layer Models

The results obtained in Fig. 9 can be com-
pared with the liquid layer models developed
by Fletcher. He has considered a number of
approaches to the problem of trying to pre-
dict the thickness of such a layer and con-
cludes that the predicted layer thickness
should fit a model (18)

h(nm) = 2to5) — 2.5log, (—1) [21]

where T is in degrees Celcius. These curves
are shown in Fig. 9. It can be seen that the
exponential form of the relationship does
not provide a good fit to the data; however,
the order of magnitude of the prediction is
correct at least in the temperature range 0.1
to 1.0°C.

A much better fit to the data is obtained
by assuming a power law relationship of
the form

h=a(=T)y?" 122]

in which 4 and a are in nm and T is the ice
temperature in degrees Celcius. A power
law curve with ¢ = 3.5 nm and « = 2.4 is
shown in Fig. 9. This expression fits the
values obtained from wire regelation meas-
urements over the temperature range —0.005
to —20.0°C within the experimental scatter
of the results.

4.7. High-Speed Regelation Mode

The results discussed thus far concern
only the low-speed regelation mode. This
was the mode that was assumed to be as-
sociated with the viscous flow in the equilib-
rium liquid layer. In Fig. 6 it was observed
that under certain conditions a sudden tran-
sition to a much faster regelation mode did
occur. It was originally thought that this
fast mode was associated with pressure
melting, however, an analysis of the present
data indicates that the transition and the fast
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TABLE II

Transition between Slow to Fast Regelation Modes

Pressure Regelation velocity

Wire Ice Applied required {um/hr)
diameter temperature pressure for melting
Data (um) “C) (MPa) (MPa) Slow Fast
Present experiment 59 —0.06 to 0.6 0.8t0 1.0 100 2000
—0.08
Present experiment 25.4 -0.3 1.05 4.0 120 1500
Present experiment 12.7 -3.5 1.07 47.4 70 600
Drake and Shreve (7) 120 to ~0 0.05 to ~0 70 to 35000 to
500 0.1 180 18000
Telford and Hunter (11) 450 -0.5 4.6 6.8 80 14000

mode cannot be simply related to pressure
melting. Table II summarizes some facts
about the transition condition as it was ob-
served in this and other experiments. In this
table the applied pressure can be compared
with the pressure required to produce pres-
sure melting. It can be seen from this com-
parison that pressure melting may be in-
volved in some cases but not in all. The only
relatively constant factor in all cases is the
maximum regelation velocity for the slow
mode. There would appear to be an upper
limit of about 100 um/hr for regelation in
the slow mode. It should be noted, however,
that only a very limited amount of data was
taken on the fast mode and the transition
phenomenon in the present experiment and
any conclusion drawn from this data would
be highly speculative.

5. CONCLUSIONS

Wire regelation experiments, particularly
with very small diameter wires, provide a
useful tool for exploring the behavior of
water in the liquid layer between ice and a
substrate. The present experiments indicate
that the water in this layer remains mobile
down to at least —35°C. At this temperature
the viscosity of the water in the layer which
is only about 0.75 nm thick is at most a few

times greater than bulk values. These results
are quite contradictory to estimates ob-
tained from sliding experiments. It was,
however, pointed out in this paper that re-
sults from sliding experiments may be con-
trolled by surface roughness whereas in the
wire regelation experiments the surface
roughness can at most introduce a second
order effect.

Working with wires of smaller diameter
than were used in the present experiment
(that is, less than 12.7 wm) it may be pos-
sible to explore the mobility in the liquid
layer at even lower temperatures than were
studies in this experiment. Also there are
some unexplained phenomena concerning
the fast regelation mode and the transition
between the modes that remain to be
explored.

APPENDIX 1: NOMENCLATURE
F, Force on wire required to pro-
duce flow around wire
Forces produced by second-
order effects
G Temperature gradient in the ice
h Thickness of liquid layer
ki Thermal conductivity of ice
k, Thermal conductivity of par-
ticle

F13F27F3
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Mobility of water in liquid layer

Mean curvature of ice surface

Length of wire in ice

Latent heat of fusion

Pressure on wire cross section

Characteristic pressure required
for melting

P/P,

Flow rate in liquid layer

Radius of wire

Mean radius of wire

Amplitude of surface roughness

Ice temperature

Absolute temperature

Characteristic temperature

Specific volume of liquid
(water)

Specific volume of solid (ice)

Vs — Uy,

Regelation velocity

Relative velocity of ice and sur-
face of wire

Viscosity of water in layer

Viscosity of water at 0°C

Bulk viscosity of water

Ice—water interfacial tension

Shear stress at wire surface

Effective shear stress caused by
surface roughness
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