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Abstract

Saltation is one of the most fundamental processes in transporting snow particles
in drifting or blowing snow. The statistical saltation process was investigated by
studying the collision characteristics of ice spheres (diameter 2.8 mm) impacting on a
granular bed composed of identical ice particles. Rebound velocities and angles of ice
particles were measured as functions of the incident velocity and angle at a tempera-
ture of -18°C, and the vertical restitution coefficient ( ev), defined as the vertical
component of a rebound velocity divided by that of the incident velocity, was esti-
mated.

The average vertical restitution coefficient decreased with the increase of the
incident angle due to the increasing interaction with lying particles. On the other hand,
this coefficient was almost independent of the incident velocity. The impact of a single
ice particle often gave rise to the ejection or splash of other particles, the number of
which sometimes amounted to six.

The statistical behavior of the saltation or splash process can be described by
splash functions: Sv(ey), Sw(en) and Se(#e), where ey, en and #. are the vertical restitu-
tion coefficient, the horizontal restitution coefficient and the number of ejected parti-
cles, respectively. Each of the splash functions represents the probability of the
occurrence of each physical quantity. In the study the splash function S.(e.) was
determined as follows:

Sviev; 6, Vi)=[1/8T(a)](ev/ B)"‘exp(—ev/B)

where & and W are the incident angle and velocity, respectively, I'(«) is the gamma
function, « is the shape parameter (a=0.0564+3.8), and g is the scale parameter

(8 = 4.947"%. The result shows that the splash function in the vertical motion is only
dependent on the incident angle and not on the incident velocity in the range investigat-
ed in the present study ( 3.5-10 m/s).

Wind-tunnel and numerical experiments of saltation were carried out to obtain the
vertical profiles of ice particle concentration. The identical ice particles used in the
collision experiments were also used in the wind-tunnel experiments. In the numerical
experiments, the splash function derived from the collision experiments was applied to
determine the rebound velocity of saltating ice particles. Both the results of the two
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saltation experiments showed an exponential decrease of the particle concentration
with increasing height. These results characterize the mass transport by saltation in
the saltation layer.

Key words : drifting snow, saltation, restitution coefficient, impact experiments,
splash function

1. Introduction

In drifting or blowing snow, wind transports snow particles in three types of motion :
creep, saltation and suspension. Creep is the migration of snow particles along the
surface of a snow cover. Saltation is the successive jumping on the snow surface.
Saltating particles compose a so-called saltation layer. Above the saltation layer, snow
particles are held in suspension by the turbulence of wind.

Saltation is the most fundamental and the most important process among the three
types of motion for the following reasons. Saltation affords the largest part of the total
mass transport of drifting snow (Kobayashi, 1972). Creep soon develops into saltation
and the suspension begins from saltation. In spite of the essential importance of the
saltation process, however, physical mechanisms responsible for it have not been well
understood yet.

Recent numerical simulations of sand storms and drifting snow processes are useful
and effective in many practical applications. An example of the applications is to
estimate the following: the formation of dunes, the maximum transport of snow by
realistic wind, and probable formation of snow drifts arcund structures such as houses,
bridges, roads, as well as other places (e.g. Irwin, 1983; Wipperman and Gross, 1985;
Pomeroy and Male, 1986; Uematsu et a/., 1989). However, all these simulation models
depend definitely on various assumptions made on the physical processes taking place in
drifting snow, especially those in the saltation layer. At present it is impossible to take
into account in models the detailed physical process of snow particle collision and
saltation on the snow surface. It is, however, vital in improving the general applicability
of various practical computer models and in linking them with more realistic physical
understanding of saltation processes.

The basic mechanics of saltation were extensively investigated by Bagnold (1941) in
his pioneering work on aeolian sand storms. Most of his findings are essentially appli-
cable to snow particle saltation as manifested in natural drifting snow by Dyunin (1954,
1963), Budd et a/. (1966), Kobayashi (1972) and others. Wind-tunnel studies of snow

particle saltation in drifting snow were made by Kikuchi (1981), Araoka and Maeno
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(1981) and Maeno et al. (1985). Many results of the above studies have led to the general
understanding of the drifting or blowing snow phenomenon and the useful empirical
relations for mass transport rates, vertical concentration profiles and others.

In their wind-tunnel experiments of saltating snow particles, Araoka and Maeno
(1981) recognized that the angle and velocity of an incident snow particle and those of
rebounding ones are not unique but distributed in wide ranges. At a mean wind speed of
5 m/s (25 cm above the snow surface) and a temperature of -9°C, they showed that
incidence and lift-off (rebound) angles measured from the horizontal plane are distribut-
ed in ranges of 5 - 40 and 10 - 115 degrees, respectively. The much larger distribution
of the latter angle is attributed to irregular collisions on a non-uniform snow surface.
They also showed that the incident and rebound velocities are distributed. They emphas-
ized the importance of detailed studies of the statistical nature of the collision or splash
process on snow surfaces to obtain a more realistic understanding of the physics of the
saltation phenomenon.

Recently similar results of distributed angles and larger rebound angles than incident
angles were recognized in wind-tunnel measurements of sand and other granular
materials (Willetts and Rice, 1985; Mitha ef al., 1986), and some efforts were made to find
a numerical relation describing the splash process. Anderson and Haff (1988} tried to
perform two-dimensional numerical simulations of particle impacts into a granular bed
composed of identical spheres to get a quantitative description of the splash process.
However, the physical interaction between particles must be characterized by the
restitution coefficient, friction coefficient and elastic modulus, and it is clearly difficult
to reasonably determine all the three parameters. It simply suggests the importance of
conducting a systematic physical experiment of the splash process.

The purpose of the present paper is to find a quantitative relation that describes the
statistical behavior of rebounding particles as a function of the incident velocity and
angle. To get such an equation, that is a so-called splash function, we carried out a
systematic experiment of ice particle collision on a surface composed of similar ice
particles. Details of the splash experiments of ice particles are described in Chapter 2.
Chapter 3 gives the procedure and results of a wind-tunnel experiment made to obtain
numerical data of ice particle saltation. Chapter 4 gives the numerical computation of
ice particle saltation by using the splash function obtained and the comparison of the

numerical results with those of the wind-tunnel experiment. A concluding summary of
the results is found in Chapter 5. Throughout the present study special attention was paid
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in the vertical motion of the ice particles because of its prime importance in the
development of drifting snow in a realistic wind where the wind speed is usually larger

at higher levels.

2. Splash experiments of ice particles
2.1 Apparatus and method of splash experiments

Ice particles used in the experiments were frozen droplets of distilled water which
was dripped from an injector into a bath of liquid nitrogen to freeze into ice particles.
Central parts of the ice particles thus obtained were opaque owing to the trapping of
minute air bubbles. Nevertheless their bulk densities were larger than 900 kg/m? and no
specific effects of included bubbles could be noted in the splash experiment.

The ice particles were sieved to have a uniform size distribution. The sizes of the
ice particles were measured in photographs as shown in Photo 1, and their size distribu-
tion is given in Fig. 1. The average of their diameters was 2.78 mm and the standard
deviation was 0.08 mm; the coefficient of the variation was 2.9 95. The degree of
sphericity of a particle was defined as the ratio of a perimeter of a circle with a projected
area of the particle to that of its projection. The average degree of sphericity of the ice

particles was (.99, indicating that they can be regarded as spheres.

0 5mm
[ (S O 2

Photo 1 Photograph of the ice particles.
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Fig.2 Schematic drawing of the experimental apparatus.
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Fig. 2 gives a schematic drawing of the experimental apparatus of the splash
experiment. The apparatus consisted of a container of ice particles and a gun shooting
an ice particle. The container was a circular pan with 9 cm in diameter and 1.8 cm in
height, which was set horizontally. Approximately 7,000 ice particles were packed in the
container, and the surface of the ice particle bed was smoothed with a wooden plate. The
particles were packed closely to give the maximum bulk density of roughly 600 kg/m?
thus the particle bed consisting of six to seven layers of particles.

The gun was composed of a cylinder, a piston and a spring, and was pointed at the
center of the container. Splash experiments were carried out in a range of the incidence
speed from 3 m/s to 11 m/s and in a range of the incident angle from 5 degrees to 40
degrees measured from the horizontal.

Side views of the experimental set were recorded with a system of a video camera
and a cassette recorder under stroboscopic illumination. The focal plane of the video
camera was mostly in parallel with the plane of the incident motion of the ice particles.
With the video system 60 frames were recorded every second and the frequency of the
illumination was 400 Hz. Each frame then could record 6 or 7 illuminated images of an
impacting and rebounding ice particle.

Velocities of the incidence and rebound of impacting particles were estimated from
the video images as follows. The positions of an impacting particle were measured with
a video x-y coordinator. The incidence and rebound velocities, which are defined as
those of an impacting particle just before and after its collision with the bed, were
estimated by the extrapolation of several successive approaching and lifting-off veloc-

ities. Fig. 3 shows the notations of the velocities and angles.

INCIDENCE REBOUND

\ér VXr

Y 6 VS -

SURFACE

Fig.3 Notations of the velocities and angles.
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All the experiments were conducted in a cold room maintained at a temperature of
-18°C.

2.2 Results of splash experiments of ice particles
2.2.1 General features of ice particle impact

Photo 2 gives a series of pictures showing the impact process. An impacting ice
particle rebounds off the surface of the bed composed of ice particles. The velocity of the
impacting particle is reduced by the collision though the order of magnitude of its
rebound velocity is usually the same. In the pictures of Photo 2 a few particles are ejected
from the bed surface by the impact of a single particle. Velocities of the ejected particles
are approximately two orders of magnitude smaller than those of the impacting parti-
cles. By the impact process particles around a collisional point are rearranged.

Figs. 4, 5, 6 and 7 give the restitution coefficient (V;/V;, where V; and V; are the
rebound and incident velocities, respectively) and the rebound angle (8.) plotted against
the incident angle (#,) at the incident velocities of 3.5, 5.0, 7.5, and 10.0 m/s, respectively.
At each incident velocity the restitution coefficient shows a wide distribution of mea-
sured values due to the irregular statistical impact with the rough bed surface. However,
a clear decreasing tendency is noticed in average with the increasing incident angle. The
observed maximum restitution coefficients at each incident angle correspond to the
intrinsic restitution coefficient of ice colliding on a flat ice surface. The maximum value
around 0.9 found in our results is in good agreement with that of Araocka and Maeno
(1978). The decrease in the restitution coefficient with the increasing incident angle is
attributed to the energy loss by the increased interaction with surrounding ice particles.

On the other hand, the distribution of the measured rebound angle in Figs. 4, 5, 6 and
7 gives no clear relations to the incident angle and velocities. However, the rebound angle
has an important statistical relation to the restitution coefficient, which is explained
below.

Next the measured restitution coefficient was plotted against the rebound angle at
each incident angle and velocity in Figs. 8, 9, 10 and 11. Now it becomes clearer that at
each incident velocity the restitution coefficient decreases with an increasing rebound
angle in average and the distribution becomes larger with the increasing incident angle.
2.2.2 Ejection of bed particles

When an ice particle is impacting into the ice particle bed, it rebounds and the bed
particles near the impact point are set into motion. Sometimes some of the bed particles

are ejected off. The number of such ejected particles per impact, #., was measured and
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Fig.4 Restitution coefficient (a) and rebound angle (b) plotted against the
incident angle. Incident velocity is 3.5 m/s.
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Fig.9 Same as in Fig. 8 but for the incident velocity of 5.0 m/s.
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Fig.10 Same as in Fig. 8 but for the incident velocity of 7.5 m/s.
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plotted against the incident velocity, incident angle and rebound angle in Figs. 12, 13 and
14, respectively. It is clear in Figs. 12 and 13 that the number of ejected particles
increases with an increasing incident angle and velocity and amounts to six particles per

impact.
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Fig.12 Number of ejected particles per impact plotted against the inci-
dent velocity. Incident angle: (a) 10 degrees, (b) 20 degrees, (c) 30
degrees.
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2.2.3 Vertical restitution coefficient of ice particles

Figs. 15, 16, 17 and 18 show relations between the vertical and horizontal compo-
nents of the measured rebound velocity at given incident velocities and angles, in which
each component is normalized with the incident velocity. In each figure a straight line
connecting a datum point and the origin gives a velocity vector describing the rebound
motion. It is clearly shown that shorter vectors appear as the incident angle increases.
Even more important is the fact that more data points appear above each straight line
as the incident angle decreases. This means that an ice particle tends to lift up even
higher than before the impact when the incident angle is small. The physical situation can
be adequately described with the following two restitution coefficients.

The wvertical and horizontal restitution coefficients are defined respectively as

follows:

ev=Va/Va (1)
and

en= Var/ Vi, (2)

where V. and V., are the vertical and horizontal components of the rebound velocity,
and V,; and V4, are the vertical and horizontal components of the incident velocity. The
measured vertical restitution coefficient was plotted against the incident angle at inci-
dent velocities of 3.5, 5.0, 7.5 and 10.0 m/s in Fig. 19. Though the wide distribution of the
measured points is meaningful and significant, simple arithmetic means are given in Fig.
20, which shows the average decrease in the mean vertical restitution coefficient with the
incident angle and the negligible dependence on incident velocity. It is important to note
that the frequency of the occurrence of the vertical restitution coefficient being larger
than unity increased with the decreasing incident angle. This fact is essential in the
development of ice particle saltation since the vertical restitution coefficient above unity
implies that the rebound particle acquires a larger vertical speed than before the impact
and that the particle can get into a higher level where a stronger wind is blowing.

Fig. 21 gives each value of the vertical restitution coefficient plotted against the
incident velocity at the incident angles of 10, 20 and 30 degrees. Fig. 22 gives their
arithmetic means. As noted in Figs. 19 and 20, the velocity dependence is not important
in the velocity range of the present study.

In Figs. 23, 24, 25 and 26, histograms of the vertical restitution coefficient at given
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incident angles and velocities are shown. It is apparent that larger coefficients than unity
frequently appear at smaller incident angles. Similar results can be obtained from a
simple computation of an ideal collision assuming that impact and bed particles are
identical spheres, that the impact is smooth, and that the bed particles do not move (Fig.

27). The rebound velocity vector can be given by
Vi=Vi—(1+e)} Vi-n)n, 3)

where Vi, n and e are the incident velocity vector, unit vector normal to the particle
surface, and restitution coefficient, respectively. The calculated probability of the
occurrence of the vertical restitution coefficient for #,=10 degrees and ¢=0.8 (after
Araoka and Maeno, 1978) is shown in Fig. 28. The general characteristics are almost
similar to those shown in Figs. 23-26. However, the magnitude of ev appearing at each

impact is much larger and amounts to one as large as 4.5. The unrealistic result is
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attributable to the physically improbable assumption of the interaction of bed particles,
and implies the importance of the experimental measurements.
2.3 Determination of splash function

The splash function describing the impact process depends on various parameters
such as the incident velocity and angle, mass or diameter of the impact particle, tempera-
ture, humidity, and others. In our experiment, however, the variables are only incident
velocity and angle, and other variables were kept constant. Then the splash function,
S (ev, en, ne, ; 01, Vi), can be defined as the function which gives the probability of ey,
en OT #e at each impact as a function of 4 and ;. We need the following three splash
functions: Sviev; 81, V1), Sulen; 61, Vi) and Se(#e ; 81, V) to describe completely the splash
process. However, as mentioned earlier, only the splash function S, is investigated in the
present study.

The determination of the splash function S, is straightforward to find a best fit

function to the histograms shown in Figs. 23-26. It was found that the gamma distribu-
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Y X

Fig. 27 Schematic description of the impact of a sphere of radius r; on the
bed composed of spheres of radii r,.

tion is one of the best {it functions and some of the fitted curves are shown in the figures.

The splash function is given by
Svlev)=[1/AT(a)(e/ B)* 'exp(—ev/B), (4)

where (&) is the gamma function, and « and 5 are the constants called the shape and
scale parameters, respectively. The constants are independent of the incident velocity as
shown in Fig. 29, but they are dependent strongly on the incident angle as shown in Fig.

30 and described as follows:

a=0.056 #;+3.8 (5)
and

B=49 6, '*. (6)

All the statistical data obtained are listed in Table 1.
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Table1 Statistical values of the splash experiments.

Vi | 01 ho.of o ] ey ) |
(m/s){(deg)data pveragevariance S.D. skewnesskurtosisminimum first median third maximun « 8 |
o quartile quartile ]

3.5 10| 61| 1.08| 0.28]0.52 0.023 2.07 0.14 0.65|1.03 1.51 | 2.20 14.2)0.26
20| 771 0.51 0.04]0.20 | 0.254 2.821 0.11 0.38 | 0.51 0.64 | 1.01]6.6]0.08
30 72) 0.36| 0.02/0.14| 0.607| 3.17, 0.11 0.25]0.33 0.46| 0.78 | 6.5]0.06
500 10 71| 1.15] 0.32)0.56  0.045| 2.42| 0.17] 0.75 1. 19 1.56| 2.57 4.2]0.28
20 76| 0.57| 0.06[0.24 | 0.060 | 2.38) 0.14 0.39[0.59 | 0.73| 1.15]5.5/0.10

| 30| 86| 0.35| 0.03]0. 1,67! 0.413| 2.26] 0.08| 0.21/0.33] 0.47| 0.71]4.5|0.08
7.5| 10| 40| 1.11| 0.28|0.54| 0.168| 2.18] 0.00] 0.76|1.05| 157 2.17/4.2[0.26
20| 55| 0.49 0.06(0.24 ] 0.327] 2.50[ 0.03| 0.33]0.50 0.62] 1.07 |4.4[0 11
30| 67| 0.36] 0.03/0.16/-0.208]| 2.12] 0.06, 0.24]0.37| 0.47| 0.68 5.1]007
10 10 53] 120 0.33]0.57| 0.262| 2.22| 0.11 0.76 | 1.19 ] 1.54| 2.344.4]0.27
20 76] 0.49| 0.06[0.24| 0.514| 2.60| 0.10 0.31[0.47| 0.61] 1.07)4.4]0.11

30[ 43] 0.30] 0.01]0.10]-0.288| 2.13] 0.08| 0.24]0.32| 0.39] 0.48[8.7[0.04

3. Wind-tunnel experiments of ice particle saltation

In this chapter we describe wind-tunnel experiments of drifting or blowing snow
with the ice particles used in the splash experiments. Although the ice particles are larger
than snow particles usually observed in natural drifting snow, drifting snow actually
occurs in the wind-tunnel experiments. We obtained results which are used in the
comparison with the numerical calculation using the splash function determined in the
preceding chapter.

3.1 Apparatus and method

Drifting or blowing snow was produced in a cold wind-tunnel, whose schematic view
is shown in Fig. 31. The working length of the wind-tunnel is 8.0 m and its cross section
is 50 cm X 50 cm. The underlying snow was prepared from similar ice particles which
were used in the splash experiments described in the preceding chapter. The thickness
and length of the snow bed were 2.5 cm and 2.5 m, respectively, and its surface was
prepared to be as smooth as possible.

To initiate the drifting snow, the seeding of ice particles was necessary. The seed
ice particles were supplied with a seeding device. It was located under the windward end
of the working section. The seeding device was composed of a motor, a decelerator and
a container of ice particles. The bottom of the container was lifted up by the motor and
decelerator. Consequently, ice particles in the container were pushed into the wind-
tunnel. The most important advantage of this method was that steady drifting snow was
maintained without destroying the intrinsic wind structure.

The temperature of the wind-tunnel could be varied between 0 and -30 °C, but the

experiments for ice particle saltation were conducted at -18 °C in order to prevent rapid
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Fig.31 Schematic diagram of the wind-tunnel.

adhesion due to the sintering between ice particles during the experiment.

The wind velocity was measured with a hot film type anemometer. It was found
that a turbulent boundary layer of about 10 cm in thickness was steadily being formed
over the snow surface.

A side view of the motion of the ice particles was taken with a video camera, 60
frames per second with the exposure time of 1/60 s or 1/1000 s.

3.2 Results of wind-tunnel experiments

It is known that the particle size in natural drifting and blowing snow is usually less
than about 1 mm in diameter. The size of the particles used in the present wind tunnel
experiments ( 2.8 mm in average diameter) was much larger than that of natural drifting
snow particles. In spite of this, the creep and saltation of ice particles were observed to
take place in the wind-tunnel experiments.

Photo 3 (a) and (b) show trajectories and positions of ice particles in motion in the
wind-tunnel experiment, respectively. In the figures the mean wind velocity at the
middle height of the wind tunnel is 7.0 m/s. The direction of the particle movement is
from right to left in the pictures. The exposure times for Photo 3 (a) and (b) are 1/60 s
and 1/1000 s, respectively. The underlying snow surface, actually the ice particle bed,
appears as a thick white horizontal belt in each photograph. White bars and points are
ice particles creeping or saltating on the snow surface.

Vertical distributions of the number flux and concentration of saltating particles
were obtained from pictures such as in Photo 3 (a) and (b), respectively. In Photo 3 (a),

a line was drawn perpendicular to the snow surface. The number of ice particles crossing
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snow surface

snow surface

Photo 3 Photographs of video images taken under the exposure time of
1/60 second (a) and 1/1000 second (b).
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the line was counted in each height range, and it was divided by the total number of
particles crossing the line to give the relative number flux, as shown in Fig. 32. The
number flux increases as it approaches the surface. At least 100 successive pictures were
necessary to obtain a meaningful distribution. Fig. 33 shows the relative particle concen-
tration. Each value was obtained from pictures such as in Photo 3 (b) as a fraction of
the number of particles appearing in a height range to the total number. The concentra-
tion decreased exponentially with an increase in height. The above results are in

agreement with observations of characteristic natural blowing snow (Kobayashi, 1972).

4. Numerical experiments of ice particle saltation and the comparison of the results
4.1 Numerical experiments of ice particle saltation

The moton of a single ice particle in a steady wind can be described by the following

equations :
dx/dt=1, (7)
dz/dt=uw, (8
du/di=—(3/8)[pa/(p o )] Catrv(u—U), (9)
dw/di=—(3/8)pa/(ppr)]Cahvw—g, (10)

where » is the particle radius, pa and p. are the densities of the air and particle,
respectively, g is the acceleration of the gravity, U is the horizontal wind speed, and Aw

is written as
Av=[(zu—U)+w*]"; (11)
Ca is the drag coefficient and given as (Morsi and Alexander, 1972)
a=24 /| Ro+6/(1+R."*)+04, (12)
where R. is the Reynolds number defined by
Re=2rAv/ v, (13)

and v is the kinematic viscosity of the air.

The mean wind speed {/ was assumed to be described by a logarithmic relation often
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found in a neutral condition:
U=(Us/ k) In(z [ 2), (14)

where Uk, & and zy are the friction velocity, von Karman's constant (usually put as 0.4)
and roughness parameter, respectively.
The kinematic process of the impact of the incident particle with the bed surface can

be described by the following two relations:

Var=—&v Vi (15)
and

Vir=eén Va, (16)

in the probabilities given by the splash functions Sv(ew) and Si(en), respectively. The
production of ejected particles in the impact process may be taken into account by using
the splash function Sa(#.). Furthermore, the momentum and energy must be conserved in

the following manner:

ngr"Iz:szr, (]7)

m Vxl+1x = M er, (18)
and

mVit/2=mV:2/24+ E, (19}

where m is the mass of the particle, I; is the impulse and £ is the energy dissipated by
particle ejection and rearrangement as well as others.

Fig. 34 shows the flow chart of the numerical calculation of saltation used in the
present study. The motion of a single ice particle is initiated by giving an initial small
vertical speed un. Its subsequent motion can be numerically calculated with the equa-
tions shown above. When a particle touches the snow surface, that is when it collides
with the surface, the splash functions should be used to give the rebound velocity and
angle after the collision.

In the present numerical experiment, the horizontal component of rebound velocities
was set at zero, and the ejection of particles was not considered since the splash functions

Shlen) and Se(se) have not been determined yet. Fig. 35 is an example of these calcula-
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tions for the particle radius of 1.4 mm and the initial vertical velocity of 0.3 m/s.
The wind profile is as follows: /=70 m/s at 2=1 m, ,=0.3 m/s and z=0.1 mm. The
figure shows a realistic trajectory of a saltating ice particle in a statistical way specified
by the splash function. From computed trajectories of saltating particles, various
quantities in the saltation layer can be estimated, such as time variations and vertical
profiles of particle concentration, flux, as well as others.
4.2 Comparison of the results

Vertical distributions of the particle concentration were plotted in Fig. 36 to
compare the results of the wind-tunnel and numerical experiments. In both the diagrams,
particle concentration means the number of particles appearing in a given layer and time
interval, and accordingly its unit is arbitrary.

The important point in the figures is the exponential dependence of the particle
concentration on the height. The dependence is characteristic of particle jumping in the
saltation layer. The functional similarity of the results of the wind-tunnel and numerical

experiments supports the basic validity of both the approaches.

5. Conclusions

The statistical saltation process was studied by measuring the collision characteris-
tics of ice spheres on a granular bed composed of identical ice particles at a temperature
of -18 °C. Rebound velocities and angles of ice particles were measured as functions of
incident velocity and angle.
1) The vertical restitution coefficient decreased with the increase in the incident angle
due to the increasing interaction with lying particles.
2) The vertical restitution coefficient was almost independent of the incident velocity.
3) A single ice particle impact often produced ejected particles, and their number
sometimes amounted to six.
4) The statistical behavior of the saltation process was described by a splash function
S, (e.), which refers to the vertical motion. The vertical splash function is only dependent
on the incident angle and not on the incident velocities.
5) Ice particle saltation could be produced in a wind-tunnel by using the identical ice
particles used in the splash experiment.
6) The measured vertical profiles of ice particle concentration were compared with
those derived from the numerical calculation with use of the obtained splash function.

The two results showed a reasonable agreement.
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Fig. 36  Vertical distribution of relative particle concentration. (a) numer-
ical experiment, (b) wind-tunnel experiment.

—152—



Studies on the Dynamics of Saltation in Drifting Snow-K. Kosugi ef al.

Acknowledgments

The authors wish to acknowledge Prof. D. Kobayashi and Dr. N. Ishikawa of the

Institute of Low Temperature Science (I.L.T.S.), Hokkaido University, and Prof. K.

Kikuchi of the Department of Geophysics, Hokkaido University, for their valuable

discussion and comments. The authors are also grateful to Dr. H. Narita and Mr. M.

Arakawa of LL.T.S. for their helpful advice, cooperation and discussion throughout the
study. Thanks are also due to Mr. J. Shimizu, Mr. M. Higa and Mr. S. Ishii for their

experimental assistance. One of the authors (K. K.) is indebted to Dr. T. Kimura, the

latest former Director, Director M. Higashiura and all other members of the Shinjo

Branch of Snow and Ice Studies, National Research Institute for Earth Science and

Disaster Prevention, for their kind encouragement while completing this work.

1)
2)

10)

11)

12)

13)

14)

15
16)

References

Anderson, R.S. and Haff, P.K. (1988): Simulation of eolian saltation. Science, 241, 820~823.

Araoka, K. and Maeno, N. (1978): Measurements of restitution coefficients of ice. Low Temp. Sci.,
Ser. A, 36, 55~65.

Araoka, K. and Maeno, N. (1981). Dynamical behaviors of snow particles in the saltation layer.
Memuoirs of National Institute of Polar Research, 19, 253~263.

Bagnold, R.A. (1941): The physics of blown sand and desert dunes. Methuen, London, 265 pp.

Budd, W.F., Dingle, W.R. and Radok, U. (1966): The Byrd snow drift project: oulline and basic
results. in M.]. Rubin (ed.), Studies in Antarctic Meteorology, American Geophysical Union,
Antarctic Research Series, 9, pp. 71~134.

Dyunin, A.K. (1954): Solid flux of snow-bearing air flow. National Research Council, Canada,
Technical Translation 1102.

Dyunin, AK. (1963); Mechanics of drifting snow. Novosibirsk, Siberian Branch of the USSR
Academy of Sciences, Publishing House, 378 pp.

Irwin, P.A. (1983): Application of snow simulation model tests to planning and design. Proc. East
Snow Conf., 28, 118~130.

Kobayashi, D. (1972): Studies of snow transport in low-level drifting snow. Contr. Low Temp. Sci.,
Ser. A, No. 24, 1~58.

Maeno, N., Naruse, R., Nishimura, K., Takei, l., Ebinuma, T., Kobayashi, 5., Nishimura, I1., Kaneda,
Y. and Ishida, T. (1985); Wind-tunnel experiments on blowing snow. Ann. Glaciol., 6, 63~68.

Mitha, S., Tran, M.Q., Werner, B.T., and Haff, P.K. (1986): The grain-bed impact process in aeolian
saltation. Acta Mechanica, 63, 267~278.

Morsi, S.A. and Alexander, A.]. (1972): An investigation of particle trajectories in two phase flow
systems. J. Fluid Mech., 55, 193~208.

Pomeroy, J.W. and Male, D.H. (1986); Physical modelling of blowing snow for agricultural produc-
tion. Proc. Symp. Snow Management for Agriculture (edited by H. Steppuhn and others.), 73
~108. .

Uematsu, T, Kaneda, Y., Takeuchi, K, Nakata, T. and Yukumi, M. (1989): Numerical simulation of
snowdrift development. Ann. Glaciol., 13, 265~268.

Willetts, B.B. and Rice, M.A. (1986): Collisions in aeolian saltation. Acta Mechanica, 63, 2556~265.

Wipperman, F.K. and Gross, G. (1985): The wind-induced shaping and migration of an isolated dune.
A numerical experiment. Boundary-Layer Meteorol., 36, 319~334.

(Accepted : 29 August, 1994)

— 153 —



Report of the National Research Institute for Earth Science and Disaster Prevention, No, 54 ; January, 1995

WREIZ BT 5K TS F OB

N o PERIIE—** « BB —**

*BIRBELINIISERT #ESOKBERITESIAT SRR ETIRE BB R
Fb A R B DR

E 7

BEELEBNI B IC B I 2SR TOREOR L EAWL BB TH S, FEHBEESAR
2, KER(EE2.8mm) &, (UK T TERENIRTE L OFESEL2R 2 2 & Tl
L7, WRE-1SCO PR FORIOEY - BES ASNOHE L fEOBEKE L THE
L, REREOMENS - ANEEOHERS O E L TESES NI BER AR (e) %
B,

FHOMBER AR, ASAEOBRE LI, RMFRBOKTF:OMEIEA S E 2
ZEREDRES LI, —A, FREBASREEICBIZEALKE Lo, U EOOKE
FoEEEd U L iEfhodd 2R UL, #0MERe LTeEImS kA,

BRELRRE OS2 E0i, A 77 v ¥ 2 B8 Su(e), Sulen) BE U Se(ne) W0k D3E
BWaha, ZIT, e, en B e BTN FNERERBERYE, A ERBEHEB LR X
HEaNRTHETHZ, THEROAT Sy v 28803, 2hFhoOPBREOREHEES
FKHT L, KFETIE, A7Fyv28S(a) B8RO LSk ST,

Silev; 8.,V =[1/8T(a)](ev/B)* 'exp(—ev/B)

ZIT, 6k VIBENTHASAE L ASHEE, T(a) 3y B, o 3R
{@=0.056 61+3.8), #LT B RRERH(F=4.96""% ThHa, ORI, SLEEH
DATZ ¥ BRI AR AEDAIEREL, KPFEOE(3.5—10 m/s) Tlx ASHEE
HRTEL bW 2 %R,

BREEEEN O B EER & HEERES ThI, KN THEEEORESRIRD s, AR
EEETIE, ERER TRy SN FEECL ORI NE, BEER T, #es
By SLLNI AT T v & o BB HEEEKRF O K FEHE DHE I I S fuie, BhiEsEDy
DINEELOOEBRGERITE LIZ, B30OEAE &L ICK THEE SIS I/
TAHIEERRLI, COFBREIBERICE Y RIEBES IC L 2 EREXZBH I LD
TH5D,

F—T7—F I KE (drifting snow), BEIEEE) (saltation), SFEE (restitution coeffi-
cient), 3258k (impact experiments), 2 75 v ¥ = B (splash function)

— 154 —



