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Abstract—The equivalent thermal conductivity of the snow, i.e.
heat transfer capability of the snow sleeve, is investigated in this
paper. Besides snow density, the strong influences of
microstructure and vapor on the thermal conductivity were taken
into account in this model.

First, a microstructure model for dry snow was developed. Snow
was classified into four categories according to the shape of snow
grain. Two geometry factors were then introduced and their
influence on snow density was discussed in detail. Second, these
results were compared with those of prior research, showing good
agreement. Dependence on the microstructure and other factors
was also studied. Finally, a set of experiments was conducted and
their results were compared with those of the model.

1. INTRODUCTION

Snow is a porous, permeable aggregate of ice grains. Its
thermal characteristics depend upon various factors such as
thermal conductivity of constituent phases, porosity, and
size of particles.

2. RESULTS AND DISCUSSION

Ref. [2] discussed three shapes of grain: sphere, cylindrical
and cubical. The snow consisting of plate ice crystals can be
modeled as two plates plus a connection column, as is
shown in Figure 1.

Figure 1. Geometrical model for hexagonal column

The equivalent thermal conductivity K, of dry snow can be
calculated by

1

k, =k, (1+ra) ; (1)
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where the ratio of 2hg and | is defined as ray, the ratio of A,
and Ay is ray, the ratio of conductivity of ice and gas is m,
and kg is the thermal conductivity of the saturated gas
(including dry air and vapor).

Kingery suggested that the value of ra; mainly depends on
the temperature [1]. Ay depends on the snow grain shape.
Ay is a constant for a given shape as shown in Table 1.

Table 1: Shape factors Ag,

Shape A, Snow
H 1 plat Fresh
exagonal plate 33/8 res
Sphere plate 1/6 Rounded grains
Cylinder plate /4 Faceted grains
Cube plate 1 Faceted grains

3. CONCLUSION

A snow microstructure model was developed to estimate the
equivalent thermal conductivity of dry snow. The equivalent
thermal conductivity is a function of the snow temperature
and the shape factors ra; and ra, .

The results of this model agree with the results from [9].

The thermal equivalent conductivity of dry snow increases
with increasing temperature, especially as temperature is
above 260K. Conductivity increases faster when the
temperature is above 260K, which is due to the fact that
saturated water vapor is more conductive at a higher
temperature and that the saturated vapor pressure increases
exponentially with temperature. When the temperature is
near 0°C, about 20% of the heat is moved by vapor.

A set of experiments were conducted at the CIGELE
laboratories. It was found that the scatter of the experimental
data at a given density was due to the strong influence of the
microstructure on the thermal conductivity and that the
snow sleeves reproduced in laboratory consisted of multiple
types of snow grain.
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1. INTRODUCTION

Heat transfer within snow is one of the most essential
processes characterizing a variety of snow properties, and
plays an important role in snow technology and science.

The first formal measurement of the thermal
conductivity of snow dates back to at least 1886 [11], the
method and devices were demonstrated in detail for
measuring the equivalent thermal conductivity of snow
[1][9]. In these investigations, the observed data of thermal
conductivity vary within a wide range. Also, it is usually
assumed that the equivalent snow conductivity is almost
independent of temperature and other snow properties snow
except density.

Snow is a porous, permeable aggregate of ice grains that
can predominantly consist of single crystals or close
groupings of several crystals. Its thermal characteristics
depend upon various factors such as thermal conductivity of
constituent phases, porosity, shape factor, size of particles,
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etc. Ref. [1] proposed a kind of multi-composition model
and applied it to dry snow research.

Recently, more research has focused on the
microstructure of snow. Several papers estimate snow
conductivity by setting up a two-dimensional or three-
dimensional grid of ice particles. A two-dimensional model
was also proposed to estimate the equivalent thermal
conductivity of snow [7]. Ref. [10] proposed a three-
dimensional model including various geometrical shapes
which have an influence on thermal conductivity.

The aims of this research are:

a) to develop a microstructure model to estimate the
equivalent thermal conductivity of dry snow;

b) to analyze the thermal conductivity dependence on
the microstructure and other factors such as
temperature and vapor;

c) to experimentally validate the microstructure model.

II. THE EQUIVALENT THERMAL CONDUCTIVITY OF SNOW

As temperature changes, snow exhibits a dynamically
complex process represented by three fractions continuously
changing their ratios: ice particles, water and gaseous phase
(including air and water vapor). Therefore, heat transport of
snow is more complex than that of a single-phase substance.
It has three main components:

a) conduction through the ice lattice;
b) conduction through the air in the pore spaces;

c) latent heat transport across the pore spaces due to
vapor sublimation and condensation.

Based on an elegant experiment, De Quervain estimated
that the ice skeleton for his snow samples carried 55-60% of
the heat, the rest moving across the pores as sensible or
latent heat [2][3]. Reviewing the literature on vapor
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diffusion in snow, S. C. Colbeck (1993), concluded that 30-
40% of the heat is moved by vapor transport because the
vapor gradient enhancement predominates over the blocking
effect of the ice skeleton.

III.  SNOW COMPONENT PROPERTIES

Dry snow can be described as a porous medium
consisting of air and two water phases (ice and vapor).

The equivalent thermal conductivity for saturated gas kg
is composed of two parts: conduction through the air and
diffusion of water vapor carrying the latent heat of
sublimation along the vapor-pressure gradient.

The conductivity of gas (0.047) is almost twice as large
as that of pure air (0.024) at 0°C. At -50°C, however, the
difference between the conductivity of air (0.020083) and
gas (0.020353) can be neglected.

The conductivity of ice decreases as temperature
increases. Even at 0 ° C, the conductivity of ice is 50 times
greater than that of saturated gas.

IV. THERMAL CONDUCTIVITY MODEL DEVELOPMENT

In this section, a microstructural model for dry snow is
proposed.

A. Microstructural model

In [5], several shapes of grain (hexagonal, cylindrical
and cubical) are discussed. This may be a better model for
the computation of thermal resistance.

A basic type of ice crystal can be used to model a certain
type of snow. For example, snow consisting of plate ice
crystals can be modeled as two plates plus a connection
column, as is shown in Figure 2.

1

Figure 2. Geometrical model for hexagonal column

The equivalent thermal conductivity can be obtained
from the following:

Lot L]

Figure 3. Equivalent thermal circuits for snow grain

1
k, =k, (1+ra)

1 ; M
-t ,
l+mA,  1+mra,A

where the ratio of 2hy and | is defined as ray, the ratio of
Ay and Ay is ray, the ratio of conductivity of ice and gas is m,
and K, is the thermal conductivity of saturated gas
(including dry air and water vapor).

Aq depends on the snow grain shape. Ag is a constant for
a given shape as shown in Table 1.

TABLE 1. SHAPE FACTORS A,
Shape A, A, Snow
Hexagonal plate 3 \/g i 3 \/g Fresh
— 1 —_—
2 8
Sphere plate 2 1/6 Rounded grains
3
Cylinder plate o /4 Faceted grains
9
Cube plate 2 1 Faceted grains
4 y

Therefore, for a given shape of snow grain at a given
temperature, K. is only a function of ra; and ra,:

k, = f(ra,ra,) Q)
In [6], the ratio of the bonding area between ice crystals

to the size of the crystals was directly determined as shown
in Table II.

TABLE II. RELATIONSHIP BETWEEN TEMPERATURE AND ra,
Temperature(°C) ra,
-5 0.010 - 0.0256
-27 0.007 —0.018
-88 0.0004 — 0.0001

V. RESULTS AND DISCUSS

A. Comparisons with experimental data

The results at obtained from Aggarwal (2004), M. Sturn
etal (1997) [9] -5°C and (1) are shown in Figure 4.
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Figure 4. Variation of equivalent thermal conductivity with density at -
5°C. A, Aggarwal;*, [9]; o, hexagonal plate grain from (1)



The data are in good agreement as the snow density is
less than 500 kg/m3.

B. Effect from grain shape

The effective snow conductivity for several types of
snow grains at -5°C for ra,=0.0256 is plotted as a function
of density in Figure 5.

At a higher snow density, there are more ice grains and
they are in closer contact, which leads to a higher value of
snow conductivity (see Figs. 4, 5). The dependency of
thermal conductivity of snow on density is nonlinear, as
seen in these figures.

0.40 - - . . -
«— spherical grain
= hexagonal plate |
" : " L
0.35| s—a cylindrical grain ¥ "
: ; g
= =—a cubical grain J,P y g
E / g
& r / ]
= / L]
E fi o
= F ¥ B
2 f { o
Y, < q%
= .
g o o
o« o
= -
= - L
= e a"
g al .". - 5
g o "
-
0.0§ o - - : - :
00 200 300 400 500 600 700 800

Density{kg/m? )

Figure 5. Variation of equivalent thermal conductivity with density at -5

°C and ra;=0.0256. A, spherical grain; *, hexagonal plate; o, cylindrical

grain; O, cubical grain

C. The effect of temperature

Figure 6 shows a variation of the thermal conductivity
with temperature for spherical, cylindrical and cubical
grains, respectively. In this figure, three densities were
selected.

It can be seen the equivalent thermal conductivity
increases with increasing temperature, especially as
temperature is above 260 K. The nonlinear increase in
conductivity with increasing temperature above 260 K is
due to the fact that saturated water vapor is more conductive
at a higher temperature and that the dependency of saturated
vapor pressure with temperature is exponential.

D. Effect from water vapor

The water vapor plays an important role in the
calculation of snow conductivity, especially when the
temperature is near 0°C. A series of snow conductivity
values at -5°C are shown in Figure 7. Taking the vapor
effect into account, the snow conductivity is 20% higher

than that of dry air, i.e. as about 20% of the heat moved by
vapor.

When the temperature of snow is very low, such as -
50°C, the difference between dry air and the saturated gas is
only around 1%, meaning that the effect of vapor can be
neglected when the temperature less than -50°C.
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Figure 6. Temperature dependence of the equivalent thermal conductivity
for hexagonal column grain. A, density of snow p . =200 kg/m’, *, p .=
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Figure 7. Snow conductivity with (A) and without (¥) water vapor affect.
ra,;=0.0256 at -5°C

VI. THERMAL CONDUCTIVITY MEASUREMENT

A. Experimental set-up

Figure 8 shows the instruments needed to measure the
thermal conductivity of snow. Two thermal couples are
placed at different positions within the snow sleeve. The
temperature of air is set below 0°C and the electric current
at 50-100A.



Figure 8. Schematic diagram of experiment set-up

B. Calculation process

As the heat flux from the cable is constant, conductivity
can be obtained by measuring the temperature grad'grt
within the snow. cable

Assuming the value of the conductivity of snow K to be
constant, K, can be obtained by [4]

_p In(r/r)
f AT -T)

where r; and r, are the radius of the inner and outer
semicouple positions respectively; T; and T, are the
temperatures measured by the inner and outer semi-couple
respectively; | is the electric current (A), Rt is the resistance
of the conductor at any temperature (T).

C. Results and discussion

The experimental data and the equivalent thermal
conductivity for solid prism grain type are plotted in Figure
9. It can be seen that there is agreement with the solid prism
type for a few results. The scatter of the experimental data at
a given density is due to the strong influence of the
microstructure on the thermal conductivity. As the snow
used in the experiments was collected from ground
accumulation, it was difficult to estimate the shape of the
snow grains and it is reasonable to assume that the snow
was a mixture of several types of snow grains.

Some experimental data show higher conductivity
values than empirical equations. The snow sleeves used in
these particular tests was made up of wet snow. When the
test was performed at an early stage, the ambient air
temperature was not low enough to keep most part of the
snow below 0 °C, i.e. there existed wet snow within the
sleeve. The presence of water and vapor in wet snow causes
the equivalent thermal conductivity of snow to increase.
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Figure 9. Experimental snow conductivity vs density. *, experimental data;
o, result of (1), air temperature -4°C

VII. CONCLUSIONS

The equivalent thermal conductivity of dry snow is
investigated in this paper. Besides snow density, the strong
influences of microstructure and vapor on the thermal
conductivity were taken into account in this model. The

SNOW3) main results are the following ones:

1) A microstructure model for dry snow was proposed
to estimate theAiktemperatufiens Otermal
conductivity. The equivalent thermal conductivity is
a function of the snow temperature and the shape
factors ra; and ra, .

2) The equivalent thermal conductivity of dry snow
increases with increasing density due to the fact that
the conductivity of pure ice is at least 100 times
larger than that of saturated gas.

3) The snow was classified into four types by its grain
shape: spherical, hexagonal, cylindrical and cubical.
As snow has the same density values, cubical grains
have larger values of equivalent thermal
conductivity than cylindrical and spherical grains.

4) The results of this model agree with previous
investigations.

5) The equivalent thermal conductivity of dry snow
increases with increasing temperature, especially as
temperature is above 260K. The nonlinear increase
in conductivity with increasing temperature above
260 K is due to the fact that saturated water vapor is
more conductive at higher temperature and that the
dependency of saturated vapor pressure on
temperature is exponential.

About 20% of the heat is moved by vapor when the
temperature is near 0°C. When the temperature of
snow is very low, such as -50°C, the effect of vapor
can be neglected.

6) A set of experiments were conducted at the
CIGELE laboratories. The scatter of the
experimental data is due to the strong influence of
the microstructure on the thermal conductivity and
the snow sleeve reproduced in laboratory consists of
multiple types of snow grain.
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