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REGELATION AND THE DEFORMATION OF WET SNOW

By S. C, CoLeeck and N. PARSSINEN*

(U.S. Army Cold Regions Research and Engineering Laboratory, Hanover,
New Hampshire 03755, U.S.A.)

ApsTracT, The thermodynamics of phase equilibrium control the temperature distribution around the
ice particles in wet snow. When the snow is stressed, pressure melting occurs at the inter-particle contacts
and the snow densifies. Densification is described by a physical model which simulates the heat flow, melt-
waler flow, and particle gecometry, The effects of ionic impurities, liquid saturation, and particle size are
demaonstrated. Typical values of the temperature difference, inter-particle film size, and density are calcu-
lated as functions of time. The calculated rates of compaction are too large, hence, at some later time, the
effects of simultancous grain growth must be added to the model.

Ritsume. Regel et la deformation de la neige humide. La thermodynamique de I’équilibre des phases permet
d’approcher la distribution de la température autour des particules de glace dans la neige humide. Lorsque
la neige est sous contrainte, la fusion duc  la pression se produit au contact interparticule et la neige se
densifie. La densification est décrite par un modéle physique ot interviennent le flux de chaleur, le flux
d’cau de fusion ct la géométrie des particules. Les effets dus aux impuretés ioniques, a la saturation du
liquide et a la dimension des particules sont analysés. Des valeurs caractéristiques de la différence de tempéra-
ture, de la dimension du film interparticule et de la densité sont caleulées en fonction du temps. Les vitesses
de tassement calculées sont trop grandes; a Pavenir les effets de la croissance simultanée des grains doivent
done étre ajoutés au modéle.

ZUSAMMENFASSUNG.  Regelation und die Verformung von nassem Sehnee. Die Thermodynamik des Phasen-
gleichgewichts bestimmt diec Temperaturverteilung rings um die Eisteilchen in nassem Schnee. Wenn der
Schnee belastet wird, erfolgt Druckschmelzen an den Berithrungsstellen zwischen den Teilchen, und der
Schnee verdichtet sich. Die Verdichtung wird durch ein physikalisches Modell beschrieben, das den
Wiarmefluss, den Schmelzwasserfluss und die Teilchengeometrie nachbildet. Die Auswirkungen ionischer
Verunreinigungen, Fliissigkeitssittigung und Teilchengrésse werden aufgezeigt. Typische Werte fiir den
Temperaturunterschied sowie die Grisse und Dichte des Films zwischen den Teilchen werden als Funktion
der Zeit berechnet. Die errechneten Verdichtungsgeschwindigkeiten erweisen sich als zu gross, daher
miissen in Zukunft die Auswirkangen gleichzeitigen Kornwachstums in des Modell eingefugt werden.

List oF symBoLs

¢n  concentration of dissolved air or impurity at center of contact
¢y concentration of dissolved air or impurity in pore water
d thickness of liquid film between particles
D displacement of contact surface
D;  coefficient of diffusion of dissolved impurity
I force between particles
k height of melt cap
ki thermal conductivity of ice
A thermal diffusivity of ice
L latent heat of fusion of ice
n number of dissociated ions per moiecuie of solute
pe capillary pressure
Py pressure at inter-particle contact
g heat flow
r radial coordinate at contact
ro  radius of air bubble
rn - radius of contact between particles
r, initial particle radius
ry  particle radius
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R gas constant
Sy concentration of ionic impurities at center of contact
S¢ concentration of ionic impurities in pore water
{ elapsed time
Ty, temperature of contact
T temperature midway to center of sphere
Ty DG K
T temperature of ice—pore surface
AT temperature difference between contact and pore surface
v flow speed in liquid film
I volume of melted cap
8 area correction factor in heat flow
Al temperature decrease due to supercooling
viscosity of liquid water
p ice density of wet snow (excluding liquid mass)
po initial ice density of wet snow
p1  density of liquid water
ps density of ice
o bulk stress on sample
o1 interfacial tension between liquid and water vapor
cer interfacial tension between solid and water vapor
oq interfacial tension between solid and liquid water

IxTRODUCTION

The sintering and deformation of snow at sub-freezing temperatures has been studied
extensively but very little work has been done on the physics and deformation of wet snow.
In general, information about the deformation of dry snow cannot be applied to that of wet
snow since the deformational processes are very different.

The introduction of the third phase, liquid, causes rapid changes in the material properties
of snow. Hydrologists, concerned with the “ripening” of a seasonal snow cover, are familiar
with these changes and the thermodynamics of this ripening process are used here to construct
a physical model of the response of wet snow to an applied stress. The central feature of this
model of wet snow is pressure melting at the inter-particle contacts. The input parameters
required for the model include the stress, initial grain size, liquid-water content, and ionic
impurity content. In order to make the model more quantitative, further work is being done
to include time-dependent stereological effects such as grain growth and the number of
stressed contacts per particle. The thermodynamics of the pressure-melting process itsell are
adequately described by the current model, hence many qualitative and semi-quantitative
conclusions can be made.

I'HE GEOMETRY

Rapid grain growth occurs in wetted snow until grain diameters of 1 to 2 mm are attained
and, in the absence of an applied load, the grains are well rounded. Wakahama (1968)
observed these particle-size distributions changing with time and a thermodynamic model of
this process was developed by Colbeck (1973, [1975]). Peppiatt and Sambles (1975) and
Peppiatt (1975) observed similar behavior with lead crystallites.

Before the stress is applied, the deformation model assumes a cubic packing of well-
rounded ice spheres at least partially saturated by liquid. Upon the application of stress,
pressure melting causes the growth of flat spots at the stressed contacts and the snow densifies as

https://doi.org/10.3189/5002214300003375X Published online by Cambridge University Press


https://doi.org/10.3189/S002214300003375X

REGELATION AND WET-SNOW DEFORMATION 64]

B
N

%

F

Fig. 1. A typical particle shown in cross-section.

the particle centers move closer together. In a cubic packing, each particle melts at six
contacts (see Fig. 1), a close approximation to the 6.4 contacts per particle calculated by
Visscher and Bolsterli (1972) for randomly packed, equal-size spheres. From Figure 1 it can
be seen that

b= vp—{rpP—1pRlh (1)
and

D = r,—(rp2—rp2)t (2)

Since the melting taking place at the contacts is balanced by freezing on the free particle

surfaces, the mass of each particle is conserved, hence

re® = 1.5(2rp?+rp?) (rp? —rt)E—arp?, (3)
where 7, and r, both increase with time. The density of the snow (neglecting the mass of the
I. _ : : y Wby g
pore [luids) at any time during the deformation is

p = po(ro/(rp2—rn?)})3, (4)
where p, is 0.48 Mg/m’ for a cubic packing. Thus, p, for a cubic packing is less than commonly
measured values of approximately 0.55 Mg/m3; Visscher and Bolsterli’s (1972) theoretical
value for ice is 0.53 Mg/ms. Also, the upper limit of density for the cubic model is slightly in
error because of intersecting particle volumes, Neither discrepancy is serious because com-
paction is generally very rapid at low densities and the higher densities (p > 0.85 Mg/m?) are
rarely achieved. However, it is noted that this model may not apply to densities above that of
pore close-off because of the assumptions made about the geometry of the phase boundaries,

REGELATION

Pressure melting occurs at the inter-particle contacts because the phase-equilibrium
temperature is lowered by the normal stress at these contacts. The presence of dissolved air
and ionic impurities in the thin liquid film of melt water which separates the ice particles also
affects the contact temperature. Accordingly, the temperature at the contact is

T,

Ty =3

I RT2
TH g Pyt 0.0024(1—cpjes) ——— nSy. (5)

PL Ps L.
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where the first term is the temperature depression due to the normal stress at the contact, the
second term is the temperature increase due to the relative absence of dissolved air in the
melt water which comprises the liquid film, and the third term is the temperature decrease
due to the presence of dissolved ionic impurities in the liquid (the dissolved air and ionic
impurity concentrations are considered later), The normal stress at the contact is greater
than the bulk stress on the sample by a factor equal to the ratio of the area of the unit cell to
the contact area, or
4(ro—D)*
Py = o (6)

The heat flow which controls the rate of pressure-melting at the bond is in turn controlled
by the temperature difference between the bond and the particle’s free surface. The tempera-
ture of the free surface depends upon the radius of curvature of the particle, the liquid water
content of the sample, and the ionic impurity content of the pore water. There are two
distinct regimes of liquid saturation in a porous medium that require separate thermodynamic
descriptions, At lower liquid saturations where air occurs in continuous paths throughout the
pore volume, the phase equilibrium temperature of the pore-particle surfaces is (Colbeck,

1973)
TU 2 T(:, Osg RTUI =
A L e A &)

where the first term represents the temperature depression due to the capillary pressure pe, the
second term represents the effect of particle radius ry,, and the third term arises due to ionic
impurities in the pore water. The capillary pressure, or “liquid tension’’, is determined by the
radius of curvature of the liquid-air menisci, which in turn is determined by the degree of
liquid saturation of the wet snow sample.

At higher liquid saturations the air occurs in individual bubbles and the phase equilibrium
temperature of the free particle surfaces is (Colbeck, 1973)

T 27, (L_L)E 2T, E_Lm,l = (8)
L \p1 ps) ra Lps 1p E

Ty = —

where the first term is due to the radius of curvature of the trapped air bubbles ry. The
temperature difference AT between the melting contacts and the pore surfaces is then
specified by Equations (5), (6), and (7) or (8). The temperature difference is highly variable
depending on both constant parameters (oy, Iy, pe, 1 Ss) and time-dependent variables
(rny D, rp, cny Shy d). The resulting heat flow into the contact is approximately

kAT

2rnp

g= (9)
where the “area factor” § serves to reduce the heat flow at high densities when more than
509, of the particle surface is covered by the six melting contacts. Accordingly, the rate of
increase of volume of a “melt cap™ is given by

dV =k rp
— =—AT—38 (10
d! P,:-[, n 2 ‘ )
where
7 4 ry?
rudary if (rp2—rp?)t—grp > —
p
§ = (11)
” : . ru*
(rpt—rn2)t—3grp if (rp2—rp2)t—§rp < i
2ry
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The rate of increase of particle size is now

= I
di 2psL rigry ? (12)
and the rate of increase of ice density is
dp ski ATripyryd .
rrh R T (13)

dt - PsL (f'nszhz)z?’bj ’

Liguip F1Lm

For a given situation, the compaction under an applied load can be calculated iteratively
from the starting point p, as long as AT can be found. Assuming the liquid film was saturated
with dissolved air, Colbeck (1976) made these calculations, obtaining results which were
qualitatively correct but which greatly overestimated the rates of densification. IT dissolved
air is only partially able to diffuse from the pore water into the liquid film, the contact
temperature Ty would be increased by as much as 0.002 4 deg thus causing a very significant
drop in temperature difference and heat flow. Likewise, if ionic impurities diffuse from the
pore water into the liquid film, a significant temperature decrease would occur in the film.
Thus the rate of densification is very sensitive to the relative balance between the advection
and diffusion of both ionic impurities and dissolved air through the film. An analogous
situation was described by Drake and Shreve (1974) who showed that the rate of movement
of a wire through a block of ice by regelation is very sensitive to the movement of dissolved
impurities around the wire. Morris (1976) reported a similar discrepancy between theory and
observation in other regelation experiments.

The liquid film is disc-shaped (see Fig. 2) with radial flow of the melt water from the center
and radial diffusion of the impurities towards the center of contact. The general solution of
the Navier-Stokes equations for this problem is unknown (Wang, 1976) and most existing
solutions (e.g. Wang, 1976) are too limiting for the present problem. Problems which arise in
lubrication theory, for example, arc usually treated by assuming the film thickness and/or
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Fig. 2. Neighboring partizles are scparated by a liguid filbm tirogh which the melt water is discharged. Melting occurs at the
Jlat surfaces and freezing occurs on the stress-free, rounded surfaces.

https://doi.org/10.3189/5002214300003375X Published online by Cambridge University Press


https://doi.org/10.3189/S002214300003375X

644 JOURNAL OF GLACIOLOGY

the pressure distribution (see Cameron, [¢1966]). Assuming the average liquid film is axially
symmetric, we adopt the quasi-steady solution for the average flow speed v in the squeeze
film under a disc (see Moore’s (1965), review of squeeze films)

Fdzr
0= m ’ (14)
Continuity of liquid flow between two melting contacts requires that
r pedD
il Il L (15)
hence the thickness of the liquid film is
d_GE&_Jﬂ_QQﬁ)i (16)
4 p1(o—D)* i o
where the rate of increase of height of the melt cap (dD/dt) is given by
db 1 db
o il (17)

and dJ’/d¢ is known from Equation (10).
Assuming a quasi-steady distribution of dissolved impurities at any time, advection and
diffusion are in balance when the concentration ¢ at any radius r is described by

1 5 22 (18)
ve f 53— =20 1
dr :
or
o
1 pedD rd -
cp =g exp| ——=——— | =dr Ic
Bk Dj p dt d ! 9
0
1.4 T T L , o
1.2
—-1.0
1.0
—{-0.8
08 =
e
N ~-06
E =
= 06 2
= >
i) a
3 ~-0.4 5
0.4
0.2 R
I e 0
0 10 20 30 a0 50

Time (s)

Fig. 3. The contact temperature measured in wel snow is a decreasing function of time. The temperature drops rapidly upon the
application of a stress but then quickly decays as the contact radius increases.
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where ¢y, is the concentration at the center of the contact, ¢ is the concentration in the pore
liquid, and D; is the diffusion coefficient for the solute under consideration. The experimental
evidence suggests that the thickness of the liquid film d is independent of the radial position
(1.e. the contacts are flat) hence Equation (19) can be simplified somewhat. Nevertheless, the
impurity concentration in the liquid film ¢y, is sensitive to the rate of melt-cap growth (dD/d¢)
which is in turn sensitive to the impurity concentration, During the early stages of deforma-
tion the film thickness is of little consequence because the large stress concentration at the
contacts causes a large temperature depression regardless of the impurity content (a measure-
ment of contact temperature as a function of time is shown in Figure 3). However, the thick-
ness of the liquid film becomes a very important parameter later in the deformation process
when the liquid film dominates the temperature gradient which drives the pressure melting.
The rate of deformation is particularly sensitive to the thickness of the film because of the
positive feed-back mechanism involving the film velocity, impurity concentration, tempera-
ture gradient, rate of melting and, again, the film velocity. This makes the iterative calcula-
tions difficult and requires carefully specified initial conditions,

OTHER CONSIDERATIONS

The freezing of pore water on the free-particle surfaces releases latent heat which balances
the consumption of latent heat by melting at the contacts. In principle, supercooling
associated with freezing and superheating associated with melting reduce the temperature
gradient which drives the regelation. Taking an average of the values of supercooling sum-
marized by Drake and Shreve (1973), the temperature difference is reduced by approximately

Al = —0.064(AT8[rprp)t. (20)

Although this is a very small correction to A7, it is included in the model. Superheating in the
liquid film, an even smaller effect, is ignored.

The available experimental evidence suggests that the model overestimates the rate of
densification at the lower densities, hence we consider the heat capacity of the particles and
transient heat conduction as possible mechanisms for slowing the calculated rate of pressure
melting. First, the heat capacity of 1 mm radius ice spheres is insignificant because the ratio
of thermal mass to the rate of heating suggests that a time lag of only one second is needed for
the ice particles to adjust to temperature changes as large as 0.01 deg. A calculation of the
temperature midway between the surface and center of a sphere provides an additional
measure of the rapid time response in these small particles. If a sphere is heated uniformly
over its surface, the mid-point temperature is given by (Carslaw and Jaeger, 1947, p. 222)

.. [ 5 Wk " y’ e 9rp’
= 411'11'1'],1l g el 16t) 16K
”-75"n] |

5 ™
—0.5p crfc[m] +1.57) crfc[ &t | (21)

where A'is thermal diffusivity and ¢ is the surface heat source. For a large heat source at the
carly stage of deformation and a 1 mm radius sphere, the internal temperature adjusts
quickly. As shown by Table I, the 1/e response time following the sudden application of the
heat source is about 7s. Accordingly, we conclude that the quasi-steady approximation to
heat conduction is adequate.

TasLe [. AN EXAMPLE OF INTERNAL TEMPERATURE VERSUS TIML

T°C 0 0.003 O 0.004 44 0.004 62 0.004 bg
I s 0 10 100 1 000 s
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Other explanations must then be used to account for the difference between the computed
rates of deformation and those being observed in current laboratory experiments. There are
two important explanations which are reported here but will be described in detail later;
both arise because grain growth occurs simultancously with deformation. First, the concurrent
grain growth reduces heat flow to the melting contacts by diverting heat flow to the smaller
particles which are disappearing by melting. Second, the number of melting contacts per
particle is reduced because some of the contacts are not stressed. Both of these phenomena
are most active during the early stages of deformation, which is when the calculated rates of
deformation are too large.

(/OMPUTED RESULTS

In Figure 4, the computed ice density of the snow is shown as a function of time for pore
water saturated with dissolved air but with various sodium chloride contents (these contents
were chosen to correspond with experiments in progress). Clearly, higher impurity concentra-
tions reduce the rate of pressure melting by decreasing the phase equilibrium temperature at
the site of freezing, the pore surfaces. There is a corresponding decrease in the rate of deforma-
tion, although the decrease is moderated somewhat by the diffusion of impurities into the
liquid film between the particles. The deformation cannot be stopped altogether by the
presence of ionic impurities unless, in the absence of an applied stress at the inter-particle
contacts, the liquid film at the contact freezes by reversed heat flow. This appears to happen
on the surface of wet snow at ski areas when salt is applied and the surface of melting snow
quickly hardens.

The result of increasing capillary pressure (decreasing liquid-water saturation) is shown
in Figure 5. At higher capillary pressures, the rate of densification is less because the phase
equilibrium temperature in the pore space is reduced by increasing capillary pressure, just as
it is reduced by increasing the ionic impurity contents. The major difference between the
effects of capillary pressure and ionic impurities is that impurities decrease their own influence
by diffusing into the liquid film between the particles, whereas capillary pressure introduces a
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Fig. 4. lce density computed as a function of time for various sodium chloride contents (hydrostatic stress of 12000 Nim2,
saturated sample, ry = 1 mm). The ionic impurily content is expressed as (gram) moles of solute per kilogram of solution
limes the number of ions per molecule (2). The pore water is always saturated with dissolved air.
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constant reduction in the temperature difference between contact and pore surfaces. The
experimental evidence of Kinosita (1963), Kojima (1967), and Tusima (1973) all show that
the compressibility of wet snow increases with liquid content as shown in Figure 5. Tusima’s
data (see Iig. 6) shows a reduction in compressibility with decreasing liquid-water content (or
increasing capillary pressure) which is qualitatively similar to the computed results shown in

Figure 5.
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Fig. 5. Iee densily computed as a function of time for various eapillary pressures (hvdrostatic stress of 12 ooo N|m?,
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Fig. 6. Iee density is shown as a_function of time using data taken from Tusima (1973).
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The computed temperature difference driving the pressure-melting process is shown as a
function of time in Figure 7. The main feature is the rapidly decreasing temperature difference
(or rapidly increasing temperature at the contact) up to about 50 000s. This rapid tem-
perature rise occurs because the area of the contact increases rapidly immediately after the
stress is applied but the rate of increase of contact area slows markedly as the densification
proceeds. The small increase in temperature difference (decrease in contact temperature)
after about 250 000 s occurs because impurities diffuse into the liquid film at the contacts once
the rate of melting and liquid-film speed decrease.

THID i T 1 ST T = | T ’*ﬁ?xlo 2

{mm)

L | 1 1 1 e
3 4 5x10°

Time (s)

Fige. 7. Computed temperature difference and liquid film thickness shown versus time (hydrostatic stress of 12 000 N[m?, 0.000 38
mol NaCGllkg times number of ions per molecule, ry = 1 mm).

The computed thickness of the liquid film is also shown versus time in Figure 7. Initally,
the thickness of the liquid film decreases rapidly because of the rapidly decreasing rate of flow
through the film but, subsequently, the rate of decrease slows because of the decreasing stress
at the contact. The minimum values of the thickness of the film are about 2 % 1075 mm or
one-tenth of the values reported by Nye (1967) for the regelation of wires through ice. It
appears that the film is stable at a size which is just barely large enough to accommodate the
necessary liquid and impurity movements. If for given conditions the film size decreases or
is too small for the effective movement of impurities, the reduced impurity flow would cause
an increase in the film temperature and the rate of melting. As shown by Equation (16), the
film size would increase accordingly.

The initial particle radius is a very important parameter in this model because, as shown
by Equation (13), the rate of densification is dependent on r,, 7y, and rn. The result of
increasing r, is to decrease the heat flow to the melting contacts and decrease the rate of densi-
fication (see I'ig. 8). Grain growth during a period of 10% s can increase the average particle
size from 0.5 to 1.0 mm and have a very large effect on the rate of densification. As stated
earlier, particle growth also decreases the rate of densification by reducing the number of
stressed contacts. Clearly these stereological features of wet-snow deformation must be the
subject of further study.
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Lig. 8. Computed ice density is shown against time for various values of the initial particle radius (hydrostatic stress of 12 ooo
Nim2, 0.000 38 mol NaCllkg times mumber of ions per molecule. saturated samples).

SUMMARY

Wet snow is a very peculiar material whose physical properties are largely controlled by
the thermodynamics of phase equilibrium. The most important thermodynamic variables
are the liquid-water content, particle size, ionic impurity content, and inter-particle stress.
To understand the deformation caused by pressure melting, we have described the inter-
particle contact size, the thickness of the liquid film separating the particles, the diffusion of
dissolved impurities into the liquid film, and the rate of heat flow towards the contacts. By
assuming a simplified geometrical packing and neglecting grain growth, a physical model of
the densification of wet snow is constructed. The model calculates the ice density as a function
of time following the application of stress. The results given here show the effect of liquid-
water content, lonic impurity content, and initial particle size on the compressibility of wet
snow. The results are qualitatively accurate and suggest that the physical description of wet-
snow mechanics is meaningful. This model will be more quantitative once concurrent grain
growth is introduced.
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DISCUSSION
J. Harrerr: Have you investigated the effect of CO,?

S. (.. Corseck: T have included the effect of dissolved air in the liquid water and therefore
the effect of dissolved CO,. T have not looked at the effect of dissolved CO, on the phase
houndaries in any other way.

D. Tasor: I note that the authors have emphasized the role of ions in the regelation process.
1 wonder therefore if they have considered the possible role of the electrically charged double
layer in reducing the force between the ice particles. In colloidal systems the double layer
produces repulsive pressures of the order of a fraction of an atmosphere for liquid films of the
order of a few 100 A thick. Could this play a significant part in the processes they have
described?

CloLBECK: Since my calculated values of the thickness of the water film are as low as 200 to
300 A I have worried a great deal about what is happening between the particles. It appears
to me that the water film begins at a fairly large value but then decreases to a size which is
only barely large enough to allow the diffusion of dissolved impurities into the film. If the
film size is small enough to prevent the diffusion of dissolved impurities, then the temperature
gradient would increase and the rate of melting would increase accordingly. Presumably the
water-flm thickness would have to increase to pass the larger quantities of melt water, and
diffusion of the impurities would then be restored to achieve a proper balance. Therefore I
think the assumption of a layer of homogeneous water is reasonable.

One of the reasons I came to this conference was to get new ideas about the behaviour of
this thin film and T would be happy to have any thoughts about it.

J. W. Gren: Is the complexity of the feed-back process such that very small variations in the
parameters lead to impossibly large variations of calculated quantities—in other words, is it
useful for calculating actual results or not?

CoLeeck: Physically, the processes appear to be fairly stable over the range of parameters
which we have examined. Therefore useful results can be achieved although with some
computational difficulties. The computational problems arise because we must have a good
idea of the correct values before the computations begin. We expect to improve on the
computational methods by work now in progress.
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