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Diffusivity and vapor flow into snow during phase change

P. K. SATYAWALI
Snow and Avalanche Study Establishment ( SASE ), Manali, Himachal Pradesh 175103, India

ABSTRACT. Large variations in values of the diffusion coefficient for snow have been
reported in the literature. Some authors (Yosida and others, 1955; Yen, 1963) have claimed
that the diffusion coefficient does not vary with density. Others (Colbeck, 1993; Arons and
Colbeck, 1995) have reported that the diffusion coefficient decreases with an increase in
mean pore length, and that it does not necessarily change with snow density. This appears
to be inconsistent, since density and mean pore space are related for a given mass of snow
and therefore these parameters cannot be taken independently. On the other hand,
experimental results show an increase in grain-growth rate with decrease in snow density.
In this paper, particulate and continuum approaches have been used to obtain the mass
diffusivity. Treating snow as a particulate medium, the one-dimensional model of grain
growth from Satyawali (1994) has been extended. This approach has been integrated into
the SNOWPACK model (Lehning and others, 1998) that predicts the rate of grain growth
for a dry snowpack subject to a temperature gradient. The expression for effective vapor-
diffusion coefficient resulting from the present study is

To test this equation, several experiments similar to those of Yosida and others (1955) have
been conducted assuming that snow is a continuous medium. In this approach, Fick’s law
of diffusion is used to obtain direct experimental determinations of the diffusion coeffi-
cient. The experimental results have been compared to estimates of D, calculated from
the above equation and it is shown that results are inconsistent at the upper and lower
sample boundaries. This paper describes the features of snow metamorphism, in particu-
lar grain growth driven by an applied temperature gradient, and discusses the mass-dif-
fusivity coefficient derived from the particle theory of Colbeck (1993).

NOTATION Pi Ice density
Ps Snow density
2a,2a Grain length 10} Porosity in the present model
a Grain growth rate
ay Increase in grain length
A,~v Experimental constant
INTRODUCTION

C Shape factor
D

Diffusion coefficient of water vapor into air

&

@

=

D QxRy

o=
S =

S v NDYZI N

Grain growth at time ¢

Diffusion coefficient for snow

Initial grain length

Measured grain length

Average temperature gradient for snow
Temperature-gradient enhancement factor
Microscopic temperature gradient between snow
grains

Centre-to-centre distance between snow grains
Mass flux for snow and for snow grains, respectively
Latent heat of sublimation

Mass growth rate of a crystal

Porosity in the Colbeck (1993) model

Saturated vapor pressure

Ideal gas constant

Average temperature (K)

Time for grain growth

Saturated water-vapor density
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Snow can be viewed from two entirely different standpoints:
first as a continuum, and second as a particulate medium.
The metamorphic processes that profoundly affect mechani-
cal properties are most conveniently examined using the par-
ticle approach. In this paper both approaches are used to
obtain the diffusion coefficient for snow. The phenomenon of
mass transfer in dry snow can play a substantial role in meta-
morphism because of the high porosity of snow and the
possibility of a large temperature gradient. It has also been
reported (Yosida and others, 1955) that sublimation is the
grain-growth mechanism for dry snow. The mass-transfer
rate is proportional to the water-vapor density gradient,
which is a function of temperature gradient and mean tem-
perature. The diffusion process in snow is important not only
for mass redistribution and grain growth but also for heat
transfer when snow 1s highly porous, accounting for up to
30% of the heat flux calculated using the reasoning of Yosida
and others (1955). Albert and McGilvary (1992) report that
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Ivg. 1. Packing of snow grains considered for model
calculation. Each ice cube represents a grain in this model.
Sink and source grains are represented as top and bottom
grains.

the value actually contributes <2%, but they assumed vapor
to be unsaturated in their modeling of forced air flow.

It is not yet possible to measure the true thermal
conductivity of snow because the separate contributions of
sensible- and latent-heat transport cannot be isolated. We
therefore observe effective rather than absolute values. The
effective diffusion coefficient obtained by Yosida and others
(1955) is nearly constant for snow densities of 80-510 kg m .
The grain-growth rates obtained by various authors (e.g.
Giddings and LaChapelle, 1962; De Quervain, 1963;
Akitaya, 1974; Marbouty, 1980; Colbeck, 1983; Satyawali,
1994) do not support this finding, but these authors assumed
a constant value for the diffusion coefficient that controls
grain growth. Evidence from the field and laboratory
confirms that diffusion mass transfer should decrease with
an increase in snow density. Only Colbeck (1993) and Arons
and Colbeck (1995) have considered the change in diffusion
coefficient with snow density and pore space.

A diffusion coefficient that varies with atmospheric pres-
sure was used in the grain-growth model of Giddings and
LaChapelle (1962), but it does not show large variation and
1s independent of snow density. These grain-growth results
are consistent with Giddings and LaChapelle’s proposed
model because they considered the influence of snow density
on grain growth. Their model shows a decrease in grain
growth with increase in snow density. De Quervain (1963)
also used the diffusion coefficient of water vapor into air for
his varying-snow-porosity model. The approach taken by
these authors varies, and the question of how the diffusion
coefficient depends on density remains unresolved (as also
suggested by Colbeck, 1993). For a review of previous theoret-
ical and experimental work done on vapor flow see Colbeck
(1993) and Arons and Colbeck (1995). With the aim of deter-
mining the diffusion coefficient, we present a simple model
and new experimental results on grain-growth rates. Results
from several direct measurements of mass transfer (following
Yosida and others, 1955) are also presented and discussed.

THEORY

Water-vapor diffusion, caused by a temperature gradient, is
the dominant mechanism responsible for the process of
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grain growth. The microscopic temperature gradient
between source and sink (Fig. 1) for an infinite number of
grains is given by Yosida and others (1933) as

G“:G(hfzg’ )

where 2a is the grain length and h — 2a is the pore length. In
Equation (1) it is clear that Gy is always greater than G, but a
and h are difficult to measure because grains and pores are

not regularly arranged. A hypothetical model for the ar-
rangement of grains and pores within the snow is introduced
for better understanding of the water-vapor diffusion process
and the actual temperature gradient between snow grains.

For cubic packing of snow grains of length 2a and
centre-to-centre distance h (Fig. 1), porosity ¢ can be
obtained as

¢:1—8GY. (2)

Porosity can also be expressed in terms of density as ¢ =
[1 — (ps/pi)], and therefore Equation (1) can be written as

1
P
Gy =———G. (3)
pis = ps?
Using Fick’s law of diffusion, mass flux for snow can be written

J=D, (j—g) (4)

applying the latent-heat equation and ideal gas law,
Equation (4) can be written as

PL
¢ R2T3
We now write an equation for mass transfer between snow
grains. As we do not know the value of D, for snow, we

J=-D G. (5)

replace D, by D for snow grains, and G' by Go. D, will be
obtained after comparing the measured grain-growth rate
with that predicted using the following procedure. The
vapor flux between the snow grains (Fig. 1) can be written as
PL
T
We assume that the mass flux from regions of higher vapor
concentration to regions of lower vapor concentration

J'=-D—="_G,. (6)

affects the grain growth uniformly, that vapor deposits on
the growing-grain surface as a solid ice and that growing
grains do not act as a vapor sink. From Equation (5), grain
growth can be written as

=2t (7a)
Pi
Thus far, we do not know the constant D, , and hence Equa-
tion (7a) cannot be used to predict grain growth. We therefore
replace J by J' in Equation (7a), and write the grain-growth
equation as

T

dp .
Pi

(7b)

GRAIN-LENGTH MODIFICATION FACTOR

It is known that growth rate is less in high-density than in
low-density snow, hence Equation (7b) cannot correctly
predict the grain growth. It has been observed that grain
length does not vary linearly with porosity, so a non-linear
dependency of porosity will be introduced into Equation
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(7b). The increase in grain length can now be described as Table 1. Results of laboratory experiments (SN 1—47) and
dA ¢7, where A and «y are empirical constants. Equation Sield measurements (SN 48— 64) used to determine values of
(7b) can then be written as Y and A
JAPTE
dyp = . (8)
pi SN Temperature Mean tem-  Snow — Initial grain  Time of  Final grain
The new term ¢” introduced in Equation (8) will be called gradient  perature - density length experiment length
« : : . 2 . G T Ps di t dm
the “grain-length modification factor” To obtain the value of
7, the following regression analysis has been used. *Cm'! °c kgm®  mm days mm
n n
Z Iny=nlns; + Z psIn s, (9a) 1 -73 133 250 0.5 38 076
1 1 2 80 12.5 202 0.5 59 1
3 91 -3 376 0.5 6 0.95
n n n 4 -91 —44 376 0.5 6 0.96
2
> pny=> pdnsi+> pllusy,  (9b) 5 ) 58 376 05 6 085
1 1 1 6 -91 —44 400 0.7 6 1.2
. . 7 -91 -5.8 400 0.7 6 1.1
where n is the number of data points and s; and sy are 3 a1 a4 400 06 6 096
constants. 9 91 58 400 06 6 0.95
10 83 -34 286 0.8 15 2.34
11 —53 —54 286 0.8 15 1.68
GRAIN-GROWTH EXPERIMENTS AND MODEL 12 -51 -73 286 0.8 15 168
RESULTS 13 -60 93 286 08 15 1.64
14 —62 —11.4 286 0.8 15 1.55
A series of tests on grain growth was performed in the 15 -0 B 256 08 15 125
| ! h h ) 16 -80 5.8 200 0.55 11 2.07
aboratory to evaluate the constants s; and sy so that 7y could 17 o4 99 200 055 1 155
be evaluated. This result can be obtained by comparing Equa- 18 -92 ~143 200 0.55 1 152
tion (8) with the measured grain length. Grain length was 19 ~70 —184 200 0.55 11 095
measured according to Satyawali (1994), assuming that the 20 -3 3 265 08 24 218
21 —48 —4 265 0.8 24 2.3
equlvalent dlameter of the long (cl and the perpendicular 9 51 49 %5 08 94 949
short axis (¢9) is dyy = /(1?2 + ¢22) /2. Experimental results 23 —43 ~59 265 0.8 24 1.99
gave an approximate value of 4.6 for ~ and 3.86 for A, using 24 47 ~69 265 0.8 24 194
Equations (9a) and (9b). The constants were obtained from 2 4 8 265 08 24 169
47 1ab . d d diff ¢ densi 26 —48 —8.8 265 0.8 24 1.88
7 laboratory experiments conducted on different snow densi- 97 37 g7 965 08 94 159
ties. The average temperature, average temperature gradient, 28 -9 -81 331 0.55 6 061
initial snow density and initial grain length during these 29 85 37 440 0.55 6 08
experiments are given in Table 1. SN 1-47 are the results of g? :zg :22 iig 822 g gé%
laboratory experiments, and SN 48-64 are the results of field 39 70 44 440 0.5 6 079
measurements. In the laboratory, snow samples were subjected 33 ~70 58 440 0.55 6 0.78
to temperature gradients of -21°C'm ' to ~92°C'm ' and tem- 34 25 —28 440 0.55 6 07
peratures of —2.8° to —18.4°C. These ranges bracket the typical 3 65 37 40 055 6 062
.. 36 -90 =52 440 0.55 6 0.8
range of field conditions. The laboratory tests were performed 37 90 5 440 055 6 078
mainly on high-density snow. 38 ~60 45 440 0.55 6 065
The variation of grain-length modification factor with 39 —45 —56 440 0.55 6 0.63
snow density is shown in Figure 2. Points indicate minimum 40 65 67 40 055 6 08
d . 1 1 iated with th leulati 41 —60 =79 440 0.55 6 0.65
and maximum error levels associated with the calculation. 49 40 89 440 055 6 07
Lehning and others (1998) incorporated this formulation in 43 45 938 440 0.55 6 0.59
the Swiss SNOWPACK model and it gives satisfactory 44 —60 —4 490 0.55 6 0.63
45 —60 -5.2 490 0.55 6 0.69
46 —25 —6.1 490 0.55 6 0.63
0.7 47 -35 —6.7 490 0.55 6 0.62
5 48 —46 -9.3 226 24 13 3
5 0.6 49 46 104 227 3 6 35
< 0.5 50 -66  —104 227 35 8 4
- 31 —23 —4 227 4 15 45
P 0.4 52 —-15 —4.3 227 4.5 5 4.6
B 53 -14 —4 235 4.6 5 4.8
Eos 54 -18 -5 235 438 9 5.32
E’ 0.2 55 —-13 —4.6 235 5.32 7 5.54
ié’ : 56 -5 —26 235 5.54 14 575
5 0.1 | 57 15 58 925 17 5 197
G} 58 —-13 -5.6 225 1.97 5 2.02
0 59 -16 -63 225 202 9 223
0 200 400 600 800 60 15 -6 225 293 7 254
i a 61 —44 =15 200 0.5 6 1
Density {kg m™) 62 33 1 206 I 5 12
» Experimental result (lower value) o Experimental result (upper value) 63 -19 —06 235 1.2 9 1.4
64 -5 0.1 253 1.4 6 1.6
Fig. 2. Plot of grain-length modification factor vs density.
Curve shows experimental results obtained in cold laboratory;
points represent the maximum error.
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Effective diffusion coefficient (m”s™),10™
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Fig. 3 Variation of diffusion coefficient of water vapor into
snow with change of snow density under temperature gradient.

results for the case of an externally applied temperature
gradient. The one-dimensional vapor flux can be obtained
from Equations (5) and (6), and comparison can then be
made between the grain-growth equations (7b) and (8).
The resulting expression for the effective diffusion
coefficient is
1
D, =3.86D—" . (10)

1

pi? — Ps%

COLBECK’S PARTICLE-TO-PARTICLE MODEL

Here the aim is not to discuss the complete theory of Colbeck
(1983, 1993) but to find a possible solution for the diffusion
coefficient based on his three-dimensional model. The grain-
growth theory of Colbeck (1983) computes the temperature
difference between source and sink particles, and the
resulting mass growth rate is given by

m = 4rCDép. (11)
Equation (11) neglects the Kelvin effect, which was
shown to be very small (Colbeck, 1983). Finally, Colbeck

(1983) approximates the change in particle radius for a
spherical particle of mean radius a’ as

@O

Pi
where dp/dT can be obtained from the Clausius—Clapey-
ron equation and the ideal gas law (Colbeck, 1990).
For natural snow, C'/a’ and g/a’ are difficult to measure.
However, if accurate information about the grain- and pore-

; (12)

De/D
O = NN W H 0N

T T T T

100 200 300 400 500 600
Density (kg m™®)

o

Iug. 4. Effective diffusion coefficient vs snow density from a
particle-to-particle flow model ( Colbeck, 1993).
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Fig. 5. Schematic diagram of the experimental set-up during
direct mass-loss experiments.

length distribution is available, C/a’ and g/a’ can be
obtained. Colbeck (1993) approximated g by &/, the centre-
to-centre spacing in a cubic arrangement of particles, and
took C/d = 1.65(a’/h')0‘52. Therefore Equation (12) can
be expressed as

i =1.65DG (Z) - Gl;) (;) (13)

and h'/a' can be written as [(47)/3(1 — N)]l/g, where
N = [1 — (ps/p1)] denotes the porosity for a model having
spherical grains. The increase in grain length can now be

written as
0.16
pi dp\ ¢
=2.075DG | — — ] —. 14
“ (PS> (dT> Pi (14)

Next we compare the results from the three-dimensional
approach of Equation (14) with those from the one-dimen-
sional model of Equation (8). After matching the similar
parameters of Equation (14) with those for the one-dimen-
sional model, one obtains

\ 0.16
D, = 2.075D (ﬁ> (15)
P

for the effective diffusion coefficient. In arriving at Equation
(15) it is important to note that for given values of tempera-
ture, temperature gradient and time, the only parameter left
after comparing Equation (8) with Equation (14) is snow
density, and this contributes differently in the two approaches.

Equation (15) predicts a slight decrease in the effective
diffusion coefficient with increasing snow density. The
predictions of Equations (10) and (15) are compared in
Figure 3. The experimental results clearly show a large
variation compared to those based on Equations (10) and
(15). However, results from Colbeck (1993) shown in Figure
4 indicate an increase in diffusion coefficient with
increasing snow density, in contrast to the predictions of
Equations (10) and (15). The source of the discrepancy 1s that
Colbeck (1993) approximated vapor flow over an area h?,
whereas elsewhere in that contribution he stated that the
diffusion coefficient varies with mean pore length. From
the present experimental work, the distributions of pore
length and grain length are not available to validate
Colbeck’s theory; however, experimental results on grain
growth give some idea of the influence of snow density on
vapor flow.
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Iag. 6. Metamorphic apparatus used during grain-growth and
diffusion experiments.

DIFFUSION COEFFICIENT BY DIRECT MASS-
LOSS EXPERIMENTS

Four direct tests on snow samples were performed in the
cold laboratory to obtain the diffusion coefficient. This
result can be obtained directly from Equation (4) by
measuring the mass loss due to diffusion at a given height
of snow sample. The approach is similar to Yosida and others
(1955) except that nylon mesh was used in our experiment in
place of metallic mesh.

Figure 5 shows a schematic diagram of the experimental
set-up. Figure 6 shows the metamorphic apparatus used for
the grain-growth and diffusion experiments. For all four
experiments the bottom temperature of the apparatus was
kept warmer than the top temperature. Vapor pressure was
calculated using the latent-heat equation, and mass loss due
to diffusion was measured with an electronic weighing
machine (AT-201) able to operate at —5°C with a readability
of 10~%kg. For all four experiments we have attempted to
impose approximately the same values of temperature
gradient, mean temperature, snow density and initial grain
length. The duration of the experiments was 6—7 hours.
Experimental conditions are summarized inTable 2, and the
results are presented in Figure 7. Examination of Figure 7
reveals that mass loss at the bottom and top of the sample ex-
ceeds that from the sample interior. This discrepancy can be
explained as follows: Snow at upper and lower sample bound-
aries 1s always in contact with air (low moisture content);
because snow is highly saturated, enhanced rates of vapor
transfer will occur at the boundaries, yielding increased mass

Table 2. Values derived from direct mass-loss experiments

Experiment No.

1 2 3 4
Top temperature (°C) -10 -10 -10 -10
Bottom temperature (°C) -2 -2 -2 -2
Mean temperature (°C) 6 6 6 6
Temperature gradient (°C'm ) 56 56 56 56
Snow density (kg m 3) 416 411 418 420
Initial grain length (mm) 05-1.0 05-10 05-1.0 05-10
Time of experiment (10%s) 21.6 219 25.6 234
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Fig. 7. Variation of diffusion coefficient values from the direct
tests, at different heights of the snow sample.

loss from the sample. To avoid this, experiments should be
conducted in an isolated system, where total mass can be kept
constant. At present we have only these four experimental
results for comparison. Finally, I assume that natural convec-
tion of air in the snow samples does not occur. However, data
presented for SN 1-19 inTable I are close to the conditions for
natural convection (Akitaya, 1974).

CONCLUSION

Snow can been treated either as a particulate medium or as a
continuum. Under the influence of a temperature gradient the
effective vapor-diffusion coefficient for snow is much greater
than that for air. The one-dimensional grain-growth model of
Satyawali (1994) and Equation (10) predict the variation of
diffusion coefficient with snow density. Experiments on grain
growth have not yet been conducted for snow density in the
range 300-400 kg m~3; more experiments will be required to
test the model at these values. The theory of Colbeck (1993)
indicates that the diffusion coefficient increases with snow
density, but this seems unlikely; in the same paper it is shown
that the diffusion coefficient should decrease slowly as pore
length increases. Colbeck’s theory explains Yosida and others’
(1955) results on varying snow densities. Similar tests to those
of Yosida and others (1955) have been conducted in the present
experimental determinations of the diffusion coefficient.
Unfortunately, for all four experiments the snow density was
essentially the same, and a meaningful comparison cannot be
drawn at this stage. In future, the pore- and grain-length
distribution should also be monitored for better understanding
of vapor flow with time during the grain-growth experiments.
Tor the present, results from the one-dimensional model look
satisfactory.
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