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VISCOSITY AND HEAT TRANSFER IN FLUIDIZED SNOW

By N. Magno, K. NisHIMURA,* and Y. KANEDA*
(Institute of Low Temperature Science, Hokkaido University, Sapporo, Japan o6o)

Amstract. Fluidized snow was produced in a cold laboratory and its viscosity and heat transfer were
studied. The viscosity of the fluidized snow was measured with a modified Stormer-type viscometer. It was
found that the apparent viscosity decreased with increasing air velocity and decreasing particle diameter.
Two mechanisms were suggested as producing the viscosity of the fluidized snow on the basis of the plot of
the viscosity against the reciprocal of the air velocity.

The heat-transfer coefficient was obtained by measuring the temperature of a cooled brass sphere sus-
pended in the fluidized snow. The heat-transfer coeflicient in the fluidized snow was three or four times
larger than that in an air flow containing no snow particles. The increase was attributed to the enhanced
turbulence of air flow and the collision of snow particles; the contribution of the latter was estimated to be
8o to go%, of the total increase due to the fluidization of snow. These results were also confirmed in an
artificial blowing snow produced in a cold horizontal wind-tunnel by measuring the heat-transfer coefficient,
wind velocity, and drift density.

REsUME. Viscosité et transfert de chaleur dans la neige en suspension. De la neige en suspension est produite dans
un laboratoire froid et on étudie sa viscosité et ses propriétés de transfert thermique. La viscosité de la neige en
suspension a été mesurée avec un viscosimétre modifié du type de Stormer. On a trouvé que la viscosité
apparente diminue lorsque croit la vitesse de I'air et que décroit le diamétre des particules. On suggére deux
mécanismes pour travailler sur la viscosité de la neige en suspension sur la base d’un diagramme de la
viscosité en fonction de I'inverse de la vitesse de I'air.

Le coefficient de transfert thermique est obtenu en mesurant la température d’une sphére de laiton
refroidie suspendue dans la neige en suspension. Le coefficient du transfert thermique dans la neige en
suspension est deux ou trois fois plus grand que dans un courant d’air sans particules en suspension. Cet
accroissement est attribué a I’obstacle opposé a la turbulence de I’air et aux chocs entre particules; la contribu-
tion de ce dernier phénomeéne est estimé expliquer 8o 4 go%, de 'accroissement total dii & la présence de neige
en suspension. Ces résultats sont également confirmés dans un courant de chasse neige artificiel produit dans
un tunnel froid horizontal o1 I'on mesurait le coefficient de transfert thermique, la vitesse du vent et la
densité du chasse-neige.

ZUSAMMENFASSUNG.  Viskositdt und Warmetransport in fliessendem Schnee. Die Viskositit und Wirmeleitung
fliessenden Schnees, hergestellt in einem Kiltelabor, wurden untersucht. Die Viskositat wurde mit einem
modifizierten Viskometer vom Stormer-Typ gemessen. Es zeigte sich, dass die scheinbare Viskositit mit
wachsender Luftgeschwindigkeit und mit abnehmendem Partikeldurchmesser abnahm. Aus der Aufzeich-
nung der Viskositit gegen den Kehrwert der Luftgeschwindigkeit lisst sich die Wirkung zweier Mechanismen
auf die Viskositit des fliessenden Schnees folgern.

Der Wirmekoeffizient wurde durch Messung der Temperatur einer gekiihlten Messingkugel erhalten,
die im fliessenden Schnee hing; er ergab sich drei- oder viermal grosser als der in einem Luftstrom ohne
Schneepartikel. Sein Anwachsen lisst sich der erhéhten Turbulenz des Luftstroms und der Kollision zwischen
Schneepartikel zuschreiben; der Beitrag der letzteren wurde auf 8o bis go9%, der gesamten Zunahme infolge
des Schneefliessens abgeschiitzt. Diese Ergebnisse wurden auch durch Messung des Wirmekoeffizienten, der
Luftgeschwindigkeit und der Driftdichte in Schnee bestitigt, der in einem kalten horizontalen Windkanal
kiinstlich verblasen wurde.

1. INTRODUCTION

Fluidized snow is defined as the condition in which snow particles and air are in motion
together. Avalanches and blowing snow are considered to be among the most typical of the
naturally occurring phenomena of fluidized snow. The general behaviour of fluidized snow
has been shown to be very similar to those of a liquid (Maeno and Nishimura, 1978, 1979).
By the analogy between the motion of snow particles in fluidized snow and the molecular
motions in a liquid, it is expected that various transport processes such as energy, momentum,
and mass transport are rapid and effective in fluidized snow. If this is the case, the effect
might be very important in understanding properly the contribution of motion of snow
particles to the exchange of various quantities between a snow surface and the atmosphere.

* Now at Hokkaido Office, Japan Weather Association, Sapporo, Japan o6o.
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The purpose of the present paper is to measure the viscosity and heat-transfer coefficients
in fluidized snow, and to get insight into the mechanism of transport processes in fluidized
SNOW.,

2. FLUIDIZATION OF sNOW

The fluidized state of snow was produced by imposing an air flow vertically on a snow
aggregate from the bottom in a transparent tube of 40 mm in internal diameter. The tempera-
ture of the air was maintained at a constant value in a range from 0°C to —30°C, and the
flow rate was controlled with three flowmeters in series. Hereafter the flow rate is expressed
as the superficial air velocity u that is defined as the volumetric flow rate divided by the
cross-sectional area of the fluidization tube.

Samples of snow aggregates were prepared by disintegration of two snow blocks by rubbing
together and sieving. The snow was a pure compact sample collected from a natural snow
cover and kept in a cold room at —15°C for one year. The shapes of individual particles were
rather rugged but could be approximated as spheres. The particle sizes were expressed as
diameters of circles with equivalent projected areas. The particle size of a snow sample will be
specified in the present paper by the diameter of maximum frequency in a histogram such as
d = 1.95 mm, 1.25 mm, 1.05 mm, 0.70 mm, and 0.30 mm.

Fig. 1. Photographs showing the fluidized snow produced in a transparent tube 40 mm in inner diameter. A: Particle diameter
d = o.70 mm, air velocity u = o.5ms™'; B: d=o0.7o0m, u= 0.6ms™'; C: d= r.25mm, u= o.6ms=".
Temperature was — 14°C.

Figure 1 gives some photographs showing the appearance of fluidized snow. Photographs
A and B are the cases for snow of particle diameter ¢ = 0.70 mm, and ¢ for snow of d = 1.25
mm. Photograph ¢ was taken with a longer exposure time than A and B so that the complex
trajectories of snow particles could be recognized more closely. It is seen that the top of the
fluidized snow is more clearly defined for larger particles (c) : smaller particles are seen to jump
about vigorously near the top of the fluidized snow (A and B).

The general behaviour of the fluidized snow resembles that of a liquid. The pressure
within the fluidized snow is equal to the weight of snow particles in suspension above a unit
area. Buoyancy seems to exist within the fluidized snow, and the volume of the fluidized snow
increases with increasing air velocity just as the liquid expands with increasing temperature.
More details of the apparatus and features of fluidization of snow have been reported in the
previous papers (Maeno and Nishimura, 1978, 1979).
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3- VISCOSITY OF FLUIDIZED SNOW

The viscosity of fluidized snow was measured by means of a modified Stormer-type
viscometer (Ueshima VR-8o1). The rotor consisted of two paddles (13.0 mm X 3.5 mm X 0.8
mm). A constant torque was applied to the rotor set in the fluidized snow, and the time for
100 revolutions was measured by use of a revolution counter and stop watch. The measured
time was then converted to the “absolute viscosity coefficient’ via calibration with standard
oils (Nishimura and Maeno, 1978).
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Fig. 2. Viscosity coefficient of fluidized snow versus the distance form the bottom of the fluidized snow. M is the mass of snow
sample and arrows indicate the positions of the lop of the fluidized snow, so that the average densities of the fluidized snow
Jor d = 1.95 mm, 1.25 mm, and o0.70 mm are respectively p = 439, 256, and 236 kg m™3 at u = o0.53 ms™* and
p = 263, 219, and 206 kg m™3 at u = .06 ms~".

Figure 2 shows the measured viscosity coefficient plotted against the distance from the
bottom of the fluidized snow. Itis to be noted that the viscosity coefficient within the fluidized
snow is almost constant, being greater for larger particles and smaller air velocities. As the
position of the rotor is moved upward the viscosity coefficient decreases rapidly and approaches
that of air, namely 1.65x 1075 Nsm™ = 1.65x 1072 cP at —14°C (Fowle, 1933), though
it should be noted that the accuracy of the viscometer is not good enough for viscosity coeffi-
cients less than about 103 N s m~2 However, the region of the rapid decrease corresponds
reasonably well to the top of the fluidized snow which was determined visually.

Figure g gives the viscosity coefficient of fluidized snow as a function of the air velocity,
temperature, and particle diameter, which was measured with the rotor fixed at a position
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Fig. 3. Viscosity cogfficient versus the air velocity. The mass of the snow sample is M = 24.8 g (d = 1.95 mm), 28.9 g
d = r.25 mm), and 29.7 g (d = 0.70 mm).

30 mm above the bottom of the fluidized snow. The viscosity coefficient decreases rapidly
with increasing air velocity, but the rate of decrease becomes relatively small at higher air
velocities. The large exponential decrease in the viscosity coefficient cannot be explained by
the decrease in the bulk density of the fluidized snow. It was shown previously (Maeno and
Nishimura, 1978, 1979), that the average density of fluidized snow decreases in proportion to
1/[14-a(u—ums)], where u is the air velocity, ups is the minimum fluidization velocity, and
ais a constant. The density of the fluidized snow varied only by a factor of two in the viscosity
measurements. The results obtained above are similar in general to those found for other
materials (Matheson and others, 1949; Kramers, 1951; Furukawa and Ohmae, 1958).

The viscosity of fluidized snow obtained above is considered to be caused by the momentum
transfer due to the collision of snow particles and the turbulent air flow as well as the ordinary
molecular viscosity of air. As the kinetic energy of individual snow particles increases with
increasing air velocity, the viscosity coefficient is expected to increase as well. However, the
rapid decrease shown in Figure g suggests that the increase in the area in which each snow
particle can move around is more important than the increase in the kinetic energy of snow
particles at lower air velocities.

On the other hand, the small rate of decrease at higher air velocities seems to imply that
the decrease due to the increase in the area in which each snow particle can move around is
counteracted by the increasing turbulence and kinetic energy of particles. The value of the
viscosity coefficient in a fully fluidized snow lies around 1 X 103 N s m~2, which is comparable
to that of liquid water at ordinary room temperature.

The effect of temperature on the viscosity coefficient of fluidized snow does not seem
important (Fig. 3), but the effect might become predominant at much higher temperatures
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near the melting point of ice because of the increasing adhesion between snow particles. The
effect of particle diameter is rather important; the viscosity coefficient is larger for snow with
larger particles (Fig. 3).

4. HEAT TRANSFER IN FLUIDIZED SNOW

The heat transfer in fluidized snow was studied by measuring the heat-transfer coefficient
of the surface of a small sphere suspended in the fluidized snow. A brass sphere 6.0 mm in
diameter was cooled to about —70°C by the use of liquid nitrogen or dry ice, and then fixed
at an appropriate position in the fluidized snow. The variation of the temperature of the
sphere was measured with a copper—constantan thermocouple (0.3 mm in diameter) embedded
at the centre of the sphere and recorded on a strip chart or magnetic tape.

When an amount of heat d@ is exchanged between a sphere and the surrounding air in a
small time interval df, the heat-transfer coeflicient 4 is defined as

dQ = hA(8,—0,) di, (1)

where 4 is the surface area of the sphere and 8, and 0 are respectively the temperatures of the
surrounding air and the surface of the sphere. When the sphere is small or the thermal
conductivity of the sphere is very large so that the temperature gradient within the sphere is
negligibly small, 65 can be approximated by the temperature @ of the centre of the sphere.
Then a change in the centre temperature d@ in time d¢ must be written as

dQ = peV do, (2)

where p, ¢, and V are the density, specific heat capacity, and volume of the sphere, res-
pectively. If we put 8 = 6y at ¢t = o, we get from Equations (1) and (2)

a8 _ R
Y 0a—0p gV (3)

Values of 8, 8p, 4, ¢, p, and V7 are all known so that the heat-transfer coefficient & can be
calculated from the slope of the straight line obtained when the logarithm of measured
normalized temperature is plotted against time.

Figure 4 shows some examples; it was found that the relationship between the logarithm
of normalized temperature and time was essentially linear under all the experimental condi-
tions, which implies the validity of estimating & from Equation (3). It should also be noted
in the figure that the heat transfer is markedly enhanced by the air flow and the existence of
fluidized snow.

The heat-transfer coefficient was also estimated by taking into account the temperature
gradient within the sphere by use of the temperature charts given by Gurney and Lurie
(1923), Heisler (1947), and Gilmour and others ([¢1963]), but no significant differences were
obtained from that estimated from Equation (g). Therefore, the heat-transfer coefficient was
calculated from the more convenient Equation (3) in the present paper.

Figure 5 shows the heat-transfer coefficient measured at different levels from the bottom of
the fluidized snow. Just as in the case of the viscosity coefficient shown in Figure 2, the value
of the heat-transfer coefficient near the bottom is almost constant, roughly 170 J m-2s 1 K-1,
and decreases on approaching the top of the fluidized snow. However, the decrease is more
gradual than that of the viscosity coefficient, which suggests a difference in the contribution
of fluidized snow to each of the two transfer processes.

The heat-transfer coefficient measured 30 mm above the bottom of the fluidized snow is
plotted in Figure 6 as a function of the air velocity and particle diameter. The heat-transfer
coefficient increases and approaches some constant value around 170 J m~2 s~ K-t with
increasing air velocity; the decrease appearing at air velocities above about 1.5 m s™! was
caused by the loss of snow particles from the system.
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Fig. 6. Heat-transfer coefficient in the fluidized snow versus the air velocity. The solid line G indicates the heat-transfer
coefficient calculated from Equation (4).

The solid line ¢ in the figure shows the heat-transfer coefficient calculated from the follow-
ing equation which has been derived by Ranz and Marshall (1952) for a spherical drop in
forced convection:

(Nu) = 2.04+0.6(Re)}(Pr)}, (4)

where the non-dimensional parameters, (Nu), (Re), and (Pr), are the Nusselt number,
Reynolds number, and Prandtl number respectively, which are defined as follows:

hD D
(Vo) ==—, (Re) =—L%  (py)=2T8 (5)
ka. Na ka

Here D is the diameter of the sphere and ky, ¢, pa; and 7, are respectively the thermal con-
ductivity, specific heat capacity, density, and viscosity coefficient of air. It is clearly shown
in Figure 6 that the heat-transfer coeflicient in fluidized snow is three or four times larger than
that in an air flow containing no snow particles. In the figure the values for air velocities less
than about 0.5 m s~ are cases of resting snow through which air is only percolating without
creating fluidization.

A definite dependence of the heat-transfer coefficient on particle diameter could not be
found, but it seems that the heat-transfer coefficient in snow of large particles was rather
smaller than that of smaller particles. This result seems to be due to the frequency of collision
of snow particles being smaller for snow with larger particles. However, this tendency
becomes invalid at higher air velocities because of the smaller expansion ratio for the larger
particles.

The brass sphere was cooled to about —70°C in the present experiments, so that the effect
of the release of latent heat through the condensation of water vapour was anticipated.
However, such effects were not found to have an important effect on the measured heat-
transfer coefficient. A heat-transfer coefficient was also measured using a brass sphere coated
with a 1.0 mm thick ice film, but no significant difference was found in the measured values
(Nishimura and Maeno, 1978).

https://doi.org/10.3189/50022143000010807 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000010807

270 JOURNAL OF GLACIOLOGY

5. DiscussioN

The fluidized state of snow is characterized by the mutual vigorous motion of constituent
snow particles. On the basis of the apparent similarity between this motion and that of
molecules in a liquid, the process of transfer of various physical quantities in the fluidized snow
was expected to be as effective and rapid as in a liquid. The present measurement of viscosity
and heat-transfer coefficients has proved that this assumption is reasonable and suggested
furthermore the importance of this concept in the analyses of the energy balance between
snow and the atmosphere in blowing snow and avalanches.

The viscosity coefficient of fluidized snow obtained above is not the same as that used
conventionally for liquids and gases since the former includes contributions of momentum
transfer caused by the turbulent air flow and the collisions of snow particles in addition to the
molecular viscosity in the shear stress. However, the viscosity of fluidized snow can be
treated analogously to that of a liquid if the motions of snow particles are regarded macro-

scopically as the molecular motions in a liquid.

(u) m-s’
2 1 05 03 02

| [rrr 1 T T T
'.“E L -
v
=z -1

10 = —

= :
- L i
z - -
w
S
L 10— ]
m E d=070 .
o B =U. mm gl
O E ]
% B i
’— - -
n
4 i |
O
b =3
= 1 = =

o em A& 6=-14°C i

C oo A g=-29°C ]

i 1 1 | | 1 1 I

0 6

2 4
RECIPROCAL OF AIR VELOCITY
(1/u) m's

Fig. 7. Viscosity cogfficient of fluidized snow plotted against the reciprocal of the air velocity.

https://doi.org/10.3189/50022143000010807 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000010807

FLUIDIZED SNOW 271

The viscosity coefficient of fluidized snow given in Figure § is plotted in Figure 7 against
the reciprocal of the air velocity, All the data lie on a straight line if the particle diameter and
temperature are fixed. Accordingly, the relation between the viscosity coefficient and air
velocity can be expressed as

7 = 70 exp (Eu), (6)
where 7, and E are constants. On the other hand, it is well known that the molecular viscosity
of a liquid is given as

0’ = exp (BkT), )
where 7,’ is a constant, k is the Boltzmann constant, 7 is the absolute temperature, and E’ is
the activation energy for viscosity (Moelwyn-Hughes, 1961). Since the physical meaning of
the air velocity in the fluidized snow corresponds to that of the absolute temperature in a
liquid, that is the measure of activity of particle motions (Maeno and Nishimura, 1978, 1979),
Equation (5) can be regarded as being in this sense identical to Equation (6). Consequently,
the constant E in Equation (5) is a quantity which is closely related with the mechanism of
viscosity in the fluidized snow.

It should be noted in Figure 7 that every line for a given particle diameter and temperature
is composed of two straight lines with different slopes, i.e. different values of E. This result
suggests that at least two different mechanisms are at work in the viscosity of fluidized snow.
The detailed processes are not certain, but the following might be probable: in the region of
smaller E, namely at lower air velocities, the particle motions are not active enough, and the
turbulent air flow is more important in determining the viscosity of the fluidized snow, while
in the region of larger E, namely at higher air velocities, snow is fully fluidized and the
particle motions are more important. In the previous papers (Maeno and Nishimura, 1978,
1979) a buoyant force was demonstrated to act on an object in a fluidized snow. It might be of
practical importance to recognize that this viscosity and buoyancy are necessary for vehicles
and men to be able to move or float in fluidized snow, e.g. in avalanches.

The heat-transfer coefficient in a fully fluidized snow was found to be three or four times
larger than that when the air flow contained no snow particles (Fig. 6). The increase is
considered to be caused by the enhanced turbulence of air flow and collision of snow particles.
We now try to estimate their relative contributions. It seems reasonable to consider that the
heat-transfer coefficient in fluidized snow, k, can be decomposed into three components as

h = ha+hy = ha+hy+hp. (8)
Here #, is the heat-transfer coefficient when the air flow contains no snow particles, #; is the
amount of increase in the heat-transfer coefficient due to the fluidization of snow, and /; and
hp are the components of A attributable to the enhanced turbulence and to the collision or
approach of snow particles, respectively.

Ifit is assumed that the heat-transfer coefficient measured just above the top of the fluidized
snow, where no snow particles exist but the turbulence of the air flow remains, is equal to the
quantity (ha+ht), all the three components of & can be estimated from the data shown in
Figures 5 and 6. The results are given in Table I, which shows that 8o to o9, of the increase
in the heat-transfer coeflicient in the fluidized snow is attributed to the direct collision or
approach of snow particles. This result is in good agreement with that obtained by Ziegler
and others (1964) and Shirai and others (1965) for Celite and steel spheres immersed in
alumina and other particles. It can be concluded that the heat transfer in the fluidized snow
is predominantly dependent on the motion of snow particles.

So far we have been concerned with the viscosity and heat transfer in the fluidized snow
which was produced by vertical air flow. Figure 8 gives three photographs showing the motions
of snow particles in a blowing snow which was produced by horizontal wind in a cold wind-
tunnel at —9.3°C. The working cross-section and length of the wind-tunnel were respectively
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TaABLE I. VALUES OF HEAT-TRANSFER COEFFICIENT

Heal-transfer coefficient

Jm—2s 1K~
Air veloeity h ha he ht hyp hplhe
ms™!
0.53 179 50 129 29 100 0.78
1.06 169 62 107 9 98 0.92

o

Fig. 8. Photographs showing the particle motions in blowing snow produced in a cold wind-tunnel at —9.3°C. The time interval
marked on each trajectory of snow particles is 3.6 ms. The direction of wind is from the right to the left.

0.5 mx0.5 m and 8.0 m, and the wind velocity at the centre of the cross-section was main-
tained at 6.0 m s~1. The typical motions of snow particles known in blowing snow including
the creep, saltation, and suspension in the air (Mellor, 1965), can be clearly recognized in the
various trajectories of snow particles in the photographs. Accelerations and decelerations of
the velocity of each particle can be estimated from the time marks on each trajectory, though
this will not be discussed further here.

Figure g is a photograph of the same region as Figure 8, which was taken with a single shot
of screened stroboscopic light lasting for 25 ps. The drift density, p, was calculated from the
number of snow particles on these photographs by assuming that the average radius of the
snow particles was 100 pm. The result is shown in Figure 10, together with the mean air
velocity # measured with a Pitot tube and the heat-transfer coefficient & measured by the
same method as mentioned above.

When the wind was blowing without causing the movement of snow particles, the value of
the heat-transfer coefficient was larger at higher positions and smaller at lower positions,
corresponding to the wind profile accompanied by the turbulent boundary layer of about
go mm in thickness. On the other hand, when a small amount of seed snow particles was
supplied far off to windward to trigger the occurrence of the blowing snow and a layer of
fluidized snow was created near the surface as shown in Figures 8 and g, the value of the
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Fig. 9. Photograph of snow particles in blowing snow taken under a single shot of screened stroboscopic light lasting 25 ps.

The experimental condition is the same as in Figure 8.

WIND VELOCITY (u)
DRIFT DENSITY (f)

m-s'
x10~ kgm’
8

HEI GHT

70 80 90

HEAT TRANSFER COEFFICIENT

(h)

100

Jmis'K’

Fig. ro. Profiles of snow-drift density p, mean wind velocity u, and heat-transfer coefficient h, which were measured in the blowing

snow shown in Figures & and g.
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heat-transfer coeflicient near the surface increased markedly, corresponding to the profile of
the drift density. More detailed analyses of the experiment together with measurements in
natural blowing snow are in progress, and the results will be published in the near future.
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