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SUMMARY 

The properties of the' film between glass and ice were studied by 
( 1) investigating the influence of particle size on the repulsion and 
trapping of glass particles by a growing ice surface, and (2) measuring 
the migration of glass particles embedded in ice. The transp<:>rt of 
material in the thin fili:n between the glass and ice is common to both 
types of experiments. The particles used were all glass spheres and 
cylinders and the equations for transport in this film are, therefore, 
written in spherical and cylindrical coordinates. It is assumed that 
the driving forc·e for the movement of water molecules is proportional 
to the free-energy gradient. _The experimental arrangement and 
apparatus are described. The process by which glass particles are 
carried upward by an advancing ice front is shown to be controlled 
by the transport of water in the film between the glass and the ice. A 
relationship, derived on the assumption that the transport is by 
diffusion, predicts the influence of the rate of advance of the ice on 
the size of the largest particle carried by the ice. The movement 
rate of particles embedded ~n ice resulting from a temperature gradient 
is mainly determined by the thickness of the unfrozen film between the 
glass and the ice. The thickness of the film decreases rapidly with 
temperature. 
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INTRODUCTION 

It has often beeri observed that growing crystals can repel, as well as trap, for
eign partieles that are present in the solution or melt (Khaimov-Malkov, 1959; Correns, 
1926; Corte, 1962). The main objective of the previous work has been to explain the 
origin of the pressure a crystal must exert' to push the particles away fr<;>m the 
interface. The pressure exerted on the foreign particle was shown to increase with· 
the degree of supercooling or supersaturation. 

When a particle is trapped in ice, the surface area of the ice-particle interface 
l.s enlarged. The product of the increase in surface area and surface energy 
represents the gain or loss in energy upon trapping a particle. In recent work 
Uhlmann (1963) relates this surface energy difference to the energy available for 
pushing the particle away from the interface. · 

It has, .lm.e.yer, been realized that the repulsive force is only one aspect of the 
.repulsion or capture of foreign particles. Another aspect is the transport of material 
to areas where a foreign particle would otherwise obstrucf:._<?_EYStal growth. A thiri 
film of liquid must exist between the foreign body and the crystal in order to feed the 
growth of the crystal. The transport <;>f material in this film can be expected to depend 
on the nature of the foreign body and on any surface active irnpurities that may be 
present. 

This paper describes an investigation of the properties of the film between glass 
and ice. Two experimental conditions were used: In one system the influence of 
particle size on the repulsion and trapping of glass particles by a growing ice surface 
was investigated (Fig. la), in the other the migration of glass particles embedded in 
ice was measured (Fig. l b). Transport of material in the thin film between the glass 
and the ice is a phenomenon common to both types 10f experiments. 

There were several reasons for using the giass and ice system. The phenomenon 
of frost heaving 1n soils is a consequence of the growth of ice lenses within the soil 
and is a practical demonstration of the phenomena involved ·in these exper1ments. 
Glass particles are similar to soil particles in composition; both are silicates. In 
observing the repulsion and trapping ot glass particles by- an advancing ice front, 
information about the mechanism of growth of. an ice lens can be obtained with the 
added advantage of the simple geometric shapes available in glass particles .. 

THEORETICAL 

Khaimov-Malkov (1959) pos-tulated that the transport in the thin film is by 
diffusion. The particles used in this \experiment were all of known geometry-glass 
spheres and cylinders. Equations for transport in this film are, therefore, written 
in spherical and cylindrical coordinates. It is assumed that the driving force for 
movement of water molecules is proportional to the gradient of the free energy. Later 
the nature of this force will be discussed further. The rate of flow of molecules in 
the film is then given by: 
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where 
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A. 
k 
T 
del> 
de 
Je 
r ;::: 

the mobility, 
Boltzmann constant, 
temperature, 

gradient of energy per unit area, 

flow rate c;>f molecules per unit area at any 9, 

radius of the particle. 

{l) 

{a) Particle at a condition of incipient capture by 
an ice-water interface advancing upward. 

{b) Particle enclosed in ice and 
migrating toward regions of 

higher temperature. 

~igure l. Particle configuration. on and in ice. 

The flow rate, Je, in the film can also be obtained from the geometry. If the 
particle moves with a velocity v, either on the interface or under a temperature 
gradient in the ice, the flux at iny 9 is given by 

where 

Qe flux through film at 9, 
r radius, 
p ratio of density of ice to that of water. 

{2) 

·The rate of flow of molecules is obtained by dividing the flux by the cross-sectional 
area of flow. 

J _ Tl'r2 sin2 9 p _ r v sin 8 p 
8 - 2TI'r sin 8 6 - 2 6 

where 6 is thickness of the film between glass and ice. 
an express ion for v: 

{3) 

Com_bining eq 3 and l yields 
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v = r r sin 9 
i.P 
d9 • 

~ The free energy, 9>• is mainly determined by the temperature, so that r sin ,.9 dS 

. . l dT 1s proport1ona to dx . 

v = 2 6 X. i_ 

k T p 

Equation 4 then takes the form 

r 
dT 
dx 

3 

{4) 

{5) 

where i_ is the proportionality constant. For a particle moving under a tempera
ture gradient, dT /dx is well defined, but it is not experimentally measurable for a 
particle on an ice-water interface. When the particle is on tqe verge of being caught 
in the ice, the curvature of the ice has to equal the curvature of the particle {Fig. la). 
For a curved ice-water interface to be stable the equilibrium freezing temperature 
has to be. depressed. This slight depression of the equilibrium freezing temperature 
can be maintained in this case by the ~emperature gradient in the system. The con
tribution of the weight of the particle to the freezing point depression was calculated 
to be very small. 

Equation 5 gives the relation between E. and the rate of movement. This equation 
applies to both types of experiment, the migration of particles under- a temperature 
gradient as well as the repulsion of particles on an advancing ice front. In the case 
of a particle on an ice front- {Fig. 1 a) the flow path is smaller than for particles 
embedded in ice. However, the dependence of size on the maximum rate of repulsion. 
is unaltered. Equation 5 is also valid for cylindrical particles; however, in this case 
E. represents the radius of the cylinder. 

EXPERIMENTAL PROCEDURES 

The experiment to study the repulsion of particles by an advancing ice front was 
designed after methods used by Corte {1962). He caused a vessel of water to freeze 
from the bottom upward. Particles of various kinds were allowed to settle onto the 
advancing ice front. Some were trq.pped in the ice; others were carried upward as 
the front ascended. 

The object of our experiment was to measure the maximun:! size of particles of 
known geometry that would not be trapped in the ice at a certain rate of advance of the 
ice front. The following apparatus was constructed to serve this purpose. Glass 
capillaries {Fig. 2a) were partially submerged in a bath {b) at temperatures above 
OC and extended downward into a second bath {c) at a temperature below OC. The 
capillaries were closed at the bottom and filled with water. The ice-water meniscus 
formed at the bpundary between the baths. The capillaries were suspended by strings 
{f) wound around a horizontal drill rod {e) and the drill rod was rotated by ·an arrange
ment involving a variable speed motor and gear reducers. As the glass capillaries 
were lowered, the ice-water meniscus {g) advanced' upward in the tube. Additional 
weight was given to the capillaries by a lead collar {d). Particles were allowed to 
settle on the ice front. After the ice in the tube had advanced 1 em, the particles 
that had been carried up by the ice were collected by cutting the capillaries. The 
sizes of the· particles were then. measur~d. 

To observe the movement resulting from a temperature gradient of particles 
embedded in ice, the apparatus sketched in Figure 3 was constructed. A temperature 
gradient was maintained in a brass bar {a) in the shape of an inverted U. Each leg of 
the bar was inserted in its own miniature constant temperature bath {b). Each bath 
had its own indpendent temperature control. The bar was rigidly attached by Lucite 
poles to a metal plate. On the same plate a microscope {d) was mounted. Relative 
movement between the microscope and the copper bar was limited to the play in the 
focusing ways. The whole assembly was enclosed in styrofoam except for a small 
opening to accommodate the microscope objective. The microscope was dismounted 
between observations and the viewing port closed to maintain stable conditions within. 
Light was provided by a 6-v bulb at one end of a Lucite rod. The Lucite rod 
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f 

a 

b 

c 

Figure 2. Schematic diagram of appa
ratus userl in flotation experiments for 
c~ntrolling rate of growth of ice in 

glass tubes. 

d 

Figure 3. Schematic drawing of apparatus 
used to observe particles migrating through 

ice. 

channeled light to the copper bar. With this arrangement the distant light source did 
not heat the field of focus. A desired plane of focus- could be reproduced with the aid 
of a dial indicator affixed to the microscope. Reproducibility of fields was verified 
by photographing a grid beneath the ice .before and after each observation. A clear 
layer of ice (c) was obtained by freezing a thin water film on a cold cover glass mounted 
on the brass bar. After particles were distributed in the ice another layer of ice was 
frozen onto the cover glass.· The particles could be photographed by a camera 
attached to a microscope. The magnification of the photograph was 53X. The photo
graphs were attached to a stage. The stage could be translated by two sensitive 
micrometers (sensitivity 2. 5 f.L). The position of each particle with respect to a 
reference point was determined with these micrometers. 

RESULTS AND DISCUSSION 

Repulsion of particles by a growing ice front 

Particles of a broad range of sizes were seeded on the advancing ice front. It 
was soon apparent that all particles larger than a certain critical size were trapped 
in the ice,· while smaller particles were carried up by the ice. In Figure 4a the 
points represent the size of the largest particle that was carried up by the ice at a 
certain rate of advance of the ice. In Figure 4b the same data are plotted as l I r 
versus the rate of advance of the ice. The results are consistent with eq 4. The 
results show the same dependence between size and rate of heave for glass spheres and 
cylinders. There is, however, a large difference in ~ctual rate for the two different 
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Figure 4. 

kinds of glass. When salt was added to the water in the glass capillary the size of the 
largest particle carried ~y the ice at a given velocity .was reduced. The effect of salt 
concentration can be found by comparing Figure 5 with Figure 4. 
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Figure 5. -Size of largest particles(glas s 
beads) that 11 float" on an ice-water inter
face as a function of the rate of ice 

formation b. a NaCl solution. 

layer is apparently not necessary for the 
crystal. 

The difference between the glass 
surfaces used and the effect of salt 
lead us to postulate that the exchange
able ions, which are always present on 
a glass surface, govern the thickness 
of the thin film between glass and ice. 
The behavior of exchangeable ions on 
negatively charged surfaces such as 
glass can be described by the diffuse 
electric double layer theory (Kruyt-, 
1952). The thickness of the double 
layer is mainly determineq by the 
valence. of the exchangeable ion and the 
concentration. The decrease in the 
rate of heave with increasing salt con
centration is consistent with this 
inte-rpretation. The origin of the 
driving force for diffusion will in this 

case be the difference in concentration 
in the diffuse double layer between 
points A and B (Fig. 1 a). Since the 
phenomenon of repulsion of particles 
has also been observed on inert materials, 
e. g., lycopodium particles are repelled 
by a growing benzophenone crystal 
(Corte, 1962), the existence of a double 

repulsion of foreign bodies by a growing 

The trapping of th~ particle by the growing crystal was postulated by Khaimov
. Malkov (1959) to be purely mechanical in nature. The particle 1s caught in the ice 
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because the crystal growth a~ C (Fig. la) exceeds that between A and B. Equation 4 
applies only if the growth rate of ice between A and B is limited by the transport of 
material in the film. Since the results presented in Figure 4b are consistent with eq 
5, transport is apparently the limiting process. The intercept of the lines in Figure 
4b with the abscissa gives the size of the largest particle that will just float on a 
stationary ice front. The size of the particle can also be calculated from the Kelvin 
equation 

w 2cr 
r 

A 

where W is the subme:J?ged weight of the particle. 

cr is the surface tension of ice-water; a value of 32 dynes/em was used (Koopman, 
1965). 

A is the effective area. If the pressure acts normal to the particle surface, 

A = 1rr2 • 

r is the radius of curvature of ice for the spheres; it is equal to the particle radius. 

For -;-he cylinders, ..!. = -2
1 

[-
1
- + - 1

- J where r is the curvature in the axial 
r rcyl rax ax 

direction. The length of the cylinders used was not held constant and was only two or 
three times the diameter. This calculation could, therefore, only be made for the 
spheres. Calculated radius was l. 72 mm; radius extrapolated from results was l. 33 
mm. 

Movement of a particle through ice under the influence of a temperature gradient 

It was definitely shown from time-lapse photographs that particles embedded in 
ice migrate under the influence of a temperature gradient. An example of such a 
photograph is shown in Figure 6. Only after it becclme evident that the temperature 
at the glass bead is the main parameter governing the rate of movement was a mean
ingful analysis of the data possible·. Since there is a temperature gradient, across the 
bar, .the temperature changes across the field of focus, so that the temperature 

Figure 6. Photograph of particles 
embedded in ice. 

difference between P and Q (Fig. 6) is 0. OEC 
for a temperature gradienT of lC I em. The 
exact temperature of the center of the field 
could not be measured with sufficient 
accuracy (±0. lC). However, the tempera-
ture gradient could be measured to 0. OOlC I em. 
Therefore, the temperature difference 
between the temperature (T) at each bead 
and the temperature (Tr) of a reference point 
in the field was measured. This tempera
ture difference. (T-Tr) is plotted versus the 
rate of movement of the beads in Figure 7. 
The rate of movement again decreases with 
particle size. The decrease in rate of move
ment with temperature is due to the 
reduction in the thickness of the film with 
temperature. This becomes clear by w_riting 
eq 5 in the form 

T ~ = s: J_2A. _e J 
v dT u L kr · (6) 

All terms within the brackets are constant 
and in one particular run the term T (dxldT) can be considered constant, because the 
temperature range· considered is only 0. 08C. The decrease in 6 with T - Tr has thus 
the same form as Figure 4. 
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Figure 7.- Relationship between relative temperature of particles embedded in ice 
with a temperature gradient of 1. OOC /em and the velocity of migration of the particle. 

From theoretical calculations Fletcher showed that the thickness of the liquid-
like layer on the surface of an ice crystal decreases rapidly with decreasing temperature. 
Although his results are not directly applicable to the interface between glass a,nd ice, 
the same tendency for the film thickness to decrease with temperature may be valid. 
,The same tendency for the thickness to decrease can also be obtained from the 
double layer theory by assuming that the lowering of the freezing point of the water 
in the unfrozen film is mainly caused by the ions in the double layer. In that case 
the driving force is the difference in osmotic pressure between the high and the low 
temperature side of the bead. 

Since one has to postulate the origin of the driving force it is difficult to calculate 
the film thickness from these results. The thickness of the film of·unfrozen water 
between montmorillonite surfaces has been determined by X-ray diffraction te~hniques 
to be about 12A at -2C. The film in our case is different in that it is between glass 
and ice. Perhaps in this case the liquid-like layer on the ice crystal has to be added 
to the unfrozen film of the glass particle. 
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SUMMARY 

The proce.ss by which glass particles are carried upward by an advancing ice \ 
front is shown to be controlled by the transport of. water in the film between the glass 
and the ice. A relationship ·derived .on the basis that the _transport is by diffusion) 
predicts the influence of the rate of advance of the ice on the size of the largest parti-
cle carried by the 1ce. ' · · 

1 

The rate of movement of particles embedded in ice resulting from a temperature 
gradient is found to be mainly determined by the thicknes"S of the unfrozen filw. be
tween the glass and the ice. The thickness of the film decreases rapidly with 
temperature. 
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