THERMALLY AND MECHANICALLY INDUCED REGELATION OF ICE
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ABSTRACT

At temperatures slightly below 0°C, ice filling a
smooth-walled chamber that has porous phase barriers at
either end can move through the chamber in a process
resembling regelation; supercooled water passes through one
barrier and freezes at the same time that ice melts at the
other, emerging through the second barrier as supercooled
water. The process may be induced mechanically (by
differential water pressures at the phase barriers) or
thermally (by imposed temperature differentials). The ice
moves as a rigid body with slippage at the ice-wall
boundary of the chamber. An apparent coefficient of static
friction can be deduced and appeared to be about 0.12 for
ice at a machined nylon wall at about -0.04°C.

INTRODUCTION

In the well known demonstration of regelation, a
weighted wire moves downward through a solid block of ice
held at a temperature near its melting point (cf Tozuka and
Wakahama 1983). Ice beneath the wire melts and the heat
of fusion is absorbed from the surroundings; melt water
passes around the wire and refreezes above it, returning the
heat of fusion to the surroundings.

An "ice sandwich apparatus”" (Figure 1) is a device
that allows a different form of regelation to be induced
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Fig.l. Ice sandwich apparatus, in cross-section. Freezing of
the central chamber is nucleated by means of a side tube
(top, center). From center chamber to either side,
components are: Phase barrier (Millipore filter); Support
screen, stainless steel mesh; Copper screen support with
ports and thermocouples; Water gap (nominary 0.2mm);
Copper end member with heated coil. Shaded area
represents members machined from nylon. All parts and
chambers would appear circular in plan view.
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(Miller 1970, 1973). It consists of three rigid chambers in
tandem with the middle chamber separated from its
neighbors by porous phase barriers, walls that are pervious
to liquid water but impervious to ice, at least over a range
of conditions that are determined by the size of the largest
water-filled channel. If the device is first filled with water,
then cooled by immersion in a well-stirred bath at a
temperature slightly below 0°C, and if freezing of water is
seeded in the central chamber, that chamber will soon be
fully occupied by ice which remains "sandwiched” between
the phase barriers if the substrate of the barrier is
inherently hygroscopic and if the pores are small enough.
The ice phase will be held at a distance from the substance
of the barrier by adsorbed films of mobile water and will
remain excluded from pores as a consequence of the
specific surface free energy ("surface tension") of the
ice-water interface. Thus, water in the end chambers is
supercooled but can remain indefinitely in a state of
metastable equilibrium with ice sandwiched between the
phase barriers. Moreover, if conditions at the respective
phase barriers are perturbed, the device can transmit H,0
by a process that is diagrammed below

Phase Phase
Barrier 1 Barrier 2

(uy, uj, 8);  (uy, uj, 0)

Supercooled Ice Supercooled
water water
(ap)w (ap); (ap)w

hqy, hqy,

where q,, and q; are volumetric fluxes of water and ice;
gy is the flux of sensible heat; h is the sensible heat
released by freezing of unit volume of water; u,, and y;
are standard gauge pressures of water and ice (measured
with respect to standard atmospheric pressure); @ is
temperature in degrees Celsius.

Originally described as a functional semi-permeable
membrane (Miller 1970, 1973), the ice sandwich has been
adapted for wuse as a permeameter for frozen soil
sandwiched between the phase barriers (Miller, Loch and
Bresler 1975; Horiguchi and Miller 1980, 1983). The purpose
of this paper is to illustrate how it might be used for
studying friction between slow-moving ice and any
substance that might be used in the walls of the central
chamber between the phase barriers at temperatures very
close to the melting point of ice. The conditions are unlike
those which involve pressure-melting (Reynolds 1899),
friction melting (Bowden and Hughes 1939) or adhesion
theory (Tsushima 1977).
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THE GENERALIZED FORM OF THE CLAUSIUS-
CLAPEYRON EQUATION

The most familiar form of the Clausius-Clapeyron
equation, given in elementary textbooks, is actually a special
case of a more general relationship also given in some of
those same books. In notation suitable for this paper, the
more general form can be written (for pure H50)

uy, - u;/G; = (h/273)8 (1)

where u,, uj;, h and @ have already been defined; G; is
the ratio of the density of ice to that of water.

Comparing conditions at ice-water interfaces at the
two phase barriers, we define Auy, = (uy), - (uy)ys Au; =
(uj)g = (“i)x; ABI - eg - 8y ﬁw = [(uw)l % (uw)gl /25 ﬁi=
[(ui)' ; (v;),1/2; 8 = (8, + ©,)/2. Thus, from Equation I
we fin

Auy, - Aui/Gy = (h/273)A8; (2)

T, - §;/G; = (h/273)8 3)

WALL FRICTION

If ice is to slide in a cylindrical chamber of radius R
and length L containing ice at an average pressure ii; and
driven by a pressure differential Au;, a coefficient of
friction u can be defined by

u = - (\RMAu;/(2,RL) T; = (R/2L) (Auy/T;)
4

In this paper, we will evaluate p from data obtained
with ice in motion, extrapolated to zero rate of movement
where movement is evaluated from measurement of the flux
of water q,, in one of the end chambers,

p = - Lim (R/2L) (Au;/T;) (5)
qy = 0

Only this special case will be considered because to
evaluate Au; it is necessary to know both Auy, and A®; in
Equation 2. While Auy, can be controlled, Ae; cannot be
conveniently controlled nor conveniently measured and it
will depend upon qy,, as will be shown.

APPARATUS AND PROCEDURE

The ice sandwich apparatus (Figure 1) and the
associated control and measuring system (Figure 2) have
been described in some detail elsewhere (Horiguchi and
Miller 1980). Millipore filters (GSWP 04700) were used as

T P CAPILLARY,
HOT PLATE e
—
Ll
=
)
WEIGHTED =
PISTON >
- () 1
= I
~ JE
Lk
BATH

Fig.2. Schematic diagram of measurement and control
system. Note valves for flushing and flow reversal.
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phase barriers and were supported by stainless steel mesh
(Millipore #2004708) which rested on copper supports into
which thermocouple junctions had been cemented. Except
for a thin rim at the outer edge, the copper supports were
each separated from a second copper assembly by a 0.2 mm
water-filled gap. Inside each copper assembly was a winding
of nichrome wire sometimes used as an electric heating
element with DC current provided by a regulated power
supply. Care was taken to achieve a high degree of
symmetry between the respective sides of the ice sandwich
apparatus.

Reference junctions for both thermocouples were
within  insulating tubing immersed in the constant
temperature bath. Outputs from individual thermocouples, or
differential outputs of both thermocouples were observed
with a digitial nanovoltmeter with all-copper leads and
connectors.

Bath temperature was adjustable and its temperature
was monitored with a rapid-response resistance thermometer
connected to a Wheatstone bridge whose amplified output
was recorded on a strip chart which showed that
temperature fluctuations of the control cycle seldom
exceeded 0.001°C and that drift was usually imperceptible
over periods of many hours. The sensitivity of the
resistance thermometer was calibrated against a certified
Beckman thermometer but the accuracy of the ice-bath
calibration of the Beckman thermometer may have been no
better than £0.003°C.

When appropriate, the entire system, or parts of it,
were flushed with deaired deionized distilled water drawn
from an actively boiling reservoir. Water in the chamber
connected to the calibrated capillary used for measuring qy
was at a fixed pressure 4.0 kPa determined by the elevation
of the horizontal capillary (open to the atmosphere) above
the chamber. Water in the other chamber could be held at
that same pressure or at a higher pressure controlled by a
weighted piston.

The flux of water q, was recorded as positive when
water was entering the capillary or negative when water was
being withdrawn from it. The mean temperature of the
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Fig.3. Water flux g, cm® H,O per cm? of phase barrier

and temperature difference A® at thermocouples induced
by differential water pressure Au, in end transport was
toward low-pressure chamber. Heaters were both off.
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middle chamber was taken to be equal to the bath
temperature when no heater was operative (-0.041+0.002°C)
but equal to the average values measured with the two
thermocouples when a heater was operating. each time that
heater current was changed, bath temperature was adjusted
to restore the average temperature of the ice chamber to
the same value, -0.040+0.003.

The middle chamber had a radius R = 1.60 cm and a
length L = 0.30 cm. The filter and wire mesh screen had a
combined thickness of about 0.25 mm.

RESULTS

With neither heater in action, the dependence of Ay
and Ae on the pressure difference Auy, is shown in Figure
3; Figure 4 shows the relationship between qyw and Ae
when Au,, was zero. In neither case was Ae; (Equation 3)
known since Ae represents values observed using
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Fig.4. Water flux q,, and temperature difference at
thermocouples A® when one heater was on but water
pressures in end chambers were equal. Average ice
temperature: -0.040°C. Transport was toward the warm
side.

themocouples at finite distances from the ice-water
interfaces at the phase barriers.

Figure 3 demonstrates mechanically-induced regelation
and associated thermal effects; transport was from the
higher water pressure to the lower one; heat was being
released at the interface on the high pressure side and
absorbed on the low pressure side; Ae; was greater than Ae
observed,

Figure 4 demonstrates thermally-induced regelation;
transport was from the colder side to the warmer side; A8,
was less than Ae observed. In both cases, no transport was
observed until a threshold value of Auy or Ae® had been
exceeded.

Using the intercept (point N) to estimate p in
Equation 3, (Ae;), = 0; (Auy)y = -2.5 kPa; (Au)y = -0.917
(Buy)y = -2.3 kPa; @ = -0.04120.002°C; &, = [4.0 + (4.0
+ 2.5)]/2 = 525 kPa; §; = 0.917 [@,, - (h/273)8] = 50.8+3.7
kPa; p = 0.12 for ice and machined nylon at -0.04°C.

CONCLUSIONS

Performance of the ice sandwich apparatus is indeed
consistent with both mechnaically and thermally-induced
regelation processes and it could be used for evaluations of
friction between ice and other substances at very low

velocities at temperatures very near the melting point of
ice.
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Thermally-induced regelation in a process
water—ice-water is in the direction of rising temperature
and this is the reverse of the direction for the process
ice~water~ice as observed for thermally-induced migration
of isolated grains through ice (Romkens and Miller 1973).
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