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Physical modelling of avalanches using an aerosol cloud
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ABSTRACT. The problem of physically modelling snow avalanches with an aerosol
cloud is considered. Using the simplest model of avalanche-body motion, the criteria of
similarity for transit and deposit zones are written. The transit relations between model
and natural scales for dynamic parameters of the avalanche body are established. On the
basis of the similarity criteria, an approximate physical model of avalanches with an aero-
sol cloud is made using a mixture of ferromagnetic sawdust and aluminium dust. The set-
up allows us to start and stop the model avalanche during any stage of its motion and to
model actual avalanches. A series of experiments was completed. It is shown that the basic
mechanism of aerosol cloud generation for model avalanches is related to the hydraulic
jump of fluid when a stormy flow changes to a calm one. A comparison of parameters for
model and “home” avalanches (the vicinity of Elbrus) showed that the ratios of the sizes of
dense and aerosol components and deposition zones of those avalanches are close to the
geometric scale factor and the ratios of velocities, and durations of processes are close to
the square root of this coefficient. The latter corresponds to modelling the process by

Froude number.

INTRODUCTION

A snow avalanche is a very complex natural phenomenon
which is both difficult for field observations and for model-
ling. Recently, mathematical modelling of avalanches has
been achieved (Bozhinskiy and Losev, 1987). At the same
time, physical modelling of avalanches has not spread due
to the restricted possibilities for fulfilment of similarity cri-
teria (Bozhinskiy and Sukhanov, 1993). However, the advan-
tages inherent to physical modelling, because of the relative
simplicity of laboratory experiments and direct measure-
ments on avalanche parameters, has led us to try to model
a snow avalanche approximately, especially powder-snow
avalanches. Moreover until now, there are inadequate
mathematical models for these classes ol avalanche. The
approximate physical modelling of powder-snow ava-
lanches has been carried out by French researchers (Hopfin-
ger and lochon-Danguy, 1977; Beghin and Brugnot, 1983;
Beghin and Olagne, 1991). In these experiments, a heavy
fluid was injected into a lighter one. In this paper, the
powder-snow cloud is modelled with dry-powder materials.

BACKGROUND OF PHYSICAL MODELLING

Let us consider the simplest mathematical model of a snow
avalanche as a material point. The non-dimensional equa-
tion of avalanche motion has the form

((11—1: = Fr!(sina — feosa) — Du? (1)

where u = @/u. is the non-dimensional velocity of the
centre of mass of the avalanche, t = f/t; is the non-dimen-
sional time, £, = L/4,, L is the linear scale of the avalanche
body, Fr = u.%/gL is the Froude number, g is the gravity
acceleration, a is the average slope angle, f is the coefficient
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of dry friction, D = &/pL? is the non-dimensional form of
the coefficient & of square drag and p is the density of the
avalanche. Quantities with a tilde are dimensional, an aster-
isk means the characteristic value. Using this model, one
can write the similarity criteria (Bozhinskiy and Sukhanov,
1993)

fn = fms

where the indices n and m correspond to “Nature” and
“model”.

In case of the ratio of linear scales A = L,,/ L, for Nat-
ure and Model being given, recalculation of the basic para-

D, = Dy,, Fr,=Fry (2)

Qp = Qi

meters of the natural process through the model-process
parameters can be made with the following formulae
(Bozhinskiy and Sukhanov, 1993)

Vn ZASV:,,., A’fu = 6)‘3]"41?1» = Pﬂ/Pm1 Sn
tp = '\%tm, Kp = 6’\2"""112

— Ath
(3)

1
Uy, =)\Qum )

where V', M and S are respectively the volume, the mass
and the run-out distance of the avalanche, accordingly to
the simplest model of avalanche motion.

Criteria (2), of course, do not allow description of the
propagation of the aerosol cloud but, using them, one can
estimate the effects connected with the genesis of the cloud
when an avalanche body enters a deceleration zone. More-
over, the geometric scale is not given but it can be found by
comparing field observations of powder avalanches with the
results of laboratory modelling. Thus, using the criteria (2),
one can carry out approximate physical modelling of the
motion of powder avalanches.

When an avalanche is modelled using powder materials,
the angle of [riction 7, for the model material cannot coin-
cide with the angle of friction for snow, namely,
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EXPERIMENTAL RESULTS

‘ wehia Set-up for modelling
st 7= 11955 PRI b o : ;

o N e Y R e A dry material for modelling snow avalanches with an aero-
sol cloud was selected experimentally by testing different
dry-powder materials such as sand, cement, coal and dental
powders, salt, meal, semolina, poppy corn, and so on. As a
result, it was found that the mixture of ferromagnetic saw-
dust and aluminium dust (in a relation 20:1-10:1) is the
best material. This mixture forms a remarkable aerosol
cloud. The average size of particles was of order 0.l mm for
ferromagnetic sawdust and 0.0lmm for aluminium dust.
The angle of friction for the mixture was equal to 35-38°.
It was possible to control the cohesion of the mixture to the
slope with electromagnets.

The set-up for the physical modelling was two wooden
plates assembled on a table. The angle of slope can be varied.
The aluminium chute of triangular cross-section is attached
along the transit zone. The electromagnets were fixed be-
neath the lateral sides of the chute. The mixture of ferromag-
netic sawdust and aluminium dust with a volume up to
2 em” was poured into the chute above the electromagnets
and the electricity was switched ofl. The avalanche motion
and the deposition of dense and aerosol components were
observed with photo-, cine- and video-cameras.

Mechanism of powder cloud generation

The first series of experiments is concerned with the genera-
tion mechanism of the aerosol-avalanche cloud. Typical cine-
gram of the origin and the propagation of the model cloud is
shown in Figure 1.

When an avalanche sharply decelerates, sometimes the
powder-snow cloud separates from the dense-flowing layer.
This has been considered by Grigoryan (1974), Grigoryan
and others (1982) and Shukhanov (1982). A huge semi-circu-
_ lar vortex over the dense component of an avalanche propa-
g

gates in the direction of the avalanche motion ( Yakimov and

e —

Shurova, 1968). The laboratory experiments have shown
Fig. 1. The cinegram of the generation and propagation of the that another origin mechanism of an avalanche cloud is pos-
o = (=1 rt & : - . rTYg S . ® . . . -
aerosol companent in a model avalanche ( side view, light sec- sible. This origin mechanism is due to compression of the
tion; interval between frames is 0.5 s, distance between lines is model material and creation of vortices from acrosol jets.
10em) ‘ This process is similar to the hydraulic jump of fluid flow

when a stormy flow (Fr > 1) changes to a calm one

Yn = Ym + 7. Inthis case, it is necessary to fulfil an equality
for a complex criterion instead of the first two criteria (2)

On = sinay, — frcosa, = g =sina,, — frncosa,. (4)

This complex criterion determines an acceleration or decel-
eration of the avalanche body. The equality (4) will be ful-
filled if one can change the angle of slope on
Ao = v, — . The analysis showed that in the first ap-
proximation Aa a2 Ay. Thus, the quantity v — v can be
named as the relative curvature of the avalanche path.
Then, the avalanche paths with equal relative curvatures
can be considered as similar and physical modelling of snow
avalanches can be realized using dry materials. Conse-

quently, the possibilities of physical modelling expand. In

the experiments described below, the approximate physical Fig. 2. Generalion of the aerosol component for model ava-
modelling has been carried out in accordance with the re- lanche ( side view; light section, five-fold enlargement, direc-
quirement of Froude number and complex criterion (3). twon of the motion from right lo lefl ).
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up to 10-20 cm, and create the divergent stripes of alumin-
ium particles.

Destructive action of the powder cloud

The destructive action of the powder cloud was investigated
in the second series of experiments (Bozhinskiy and Sukha-
nov, 1995). For convenience, the deceleration zone was cov-
ered with a glass under which the black cloth was put. Thus,
one can make accurate photo-images of the model process
beneath side-slide illumination: dense and powder compo-
nents of the model avalanche at the deposit zone. The sizes
of the powder clouds at the spread zone are of the order of
several decimeters. The velocities of the cloud are about
3-5cms ' Thus the pressure is of order 10 ? Pa, if the cloud
density is close to the air’s one. The locations of isobars for
such small values of pressure have been determined using
the very light markers installed across the model-avalanche
path (Fig. 3a).

Dandelion “parachutes” were used as markers. The dia-
meter of the dandelion’s crown and height were of order 10
12mm. These markers correspond to trees in Nature,
because the coeflicient of geometric similarity of the model
and real avalanche path is of order 10°. One can create a
whole forest using such markers. It allows us to investigate
the location of the isobars under different conditions. The
destructive zone due to avalanche action was determined
by the location of the markers after avalanche passing (Fig.
3h). The dependency of the size of this zone in the model
avalanche volume is given in Figure 4.

Comparison of model and real avalanche data

The numerical characteristics of the model avalanche
obtained in the study can be compared using the scale coef-
ficients (3) with actual snow avalanches. The “home” ava-
lanche accompanied by a huge powder cloud was released
by mortar on 23 March 1988 in the vicinity of the Elbrus sta-
tion of Moscow University. The cine survey of the cloud
motion and the photo-theodolite survey of the deposit-zone
surface before and after the avalanche passing were made.
Then, using the stereophotogrammetric processing of the
values of the leading-avalanche front and the powder cloud
were determined. Also, the map of the thickness for the ava-
lanche deposit was constructed (Firstov and others, 1991).

Fig. 3. Locations of markers before (a) and after (b) passing
of the aerosol cloud for the model avalanche: V =1em’”; a0 =
J6°

(Fr < 1). The flow velocity sharply decreases and the flow
depth increases. In such processes, the separation of parti-
cles according to the free-fall velocity takes place. The heavy
solid phase generates the avalanche deposit. On the other
hand, the powder component including air and aluminium
dust is thrown away with the short-term jets, and the aerosol
cloud propagating ahead is generated, as shown in Figure 2.
The front of the aerosol cloud generation moves upstream.

The structure of the model aerosol cloud is character-

ized by the combinations of spiral arc- and ring-type vor-
tices generated with aerosol jets. The existence time of the

vortices is comparable with the time of the cloud generation Fig. 4. Average sizes L of the destructive zone for a model cloud
but sometimes it is much higher, achieving 3 seconds and vs its volume V, o« =45°; & islength S, @ iswidth B, (] is
more. During this period, the vortices pass along a distance width By of forest gates”
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Table 1. Comparison of data from the model and the “home” avalanches

Characteristic Model “Nature™ “Home”
Volume 1-15¢m” (11-16) x 10" m® L1 x 10" m*
Width of deposit for dense avalanche 3 9cm 110-200 m 200m
Maximal thickness of deposit for dense avalanche 1-2mm 22-45m 2m
Run-out distance for dense avalanche 420 cm 90440 m 320 m
Run-out distance for powder avalanche 5-20cm 110440 m 200m
Height of powder cloud up to 20 em 500 m higher than 150 m
Size of vortices for powder avalanche 1-10cm 22-220m 20-300m
Front velocity of powder cloud 8-30cms ' 38 l4ms ' 6ms '
Time of existence for powder cloud 2-4s 94-188's 120-180s

The volume of the avalanche was 1.1 x 10" m® the vertical
drop was 1000 m, and the average angles in the transit and
deceleration zones were 36° and 10°. The initial angle of the
avalanche deceleration zone was 24°. Thus, the slope angle
for the model must be increased by Ay = 14° as v, = 38°.
They were assumed as oy, ,, = 307 and @gee.m = 24°. The
coeflicient A of the geometric similarity of the model and
the real avalanche path was 2.2 x 10*. Then we can use Equa-
tions (3) to calculate the model-avalanche parameters,
corresponding to the “natural” ones. We have the scales: for
volumes A* = 1.06 x 10", for time intervals and rates of the

Fig. 5. Three-dimensional model of the “home” avalanche
path.
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process A = 47, The altitude of the starting point for the
model avalanche has to be H,, = A (sina,, sin ' a,,) H,,
= 0.59 m, because the model slope angle was changed by
Acv. The scaled results from the model avalanche corres-
pond well with the field data (see Table 1).

Next, a three-dimensional scale model of the “home”
avalanche path was constructed (scale 1:2500) (Fig. 5).

A topographic map with the 10 m contours, between
2300 and 3300 m, was used. The model was built of plywood
leaves, in accordance with the location of contours. The
thickness of plywood leaves was equal to 4 mm which corre-
sponds to 10 m of altitude difference. Using this model set-up
the next series of experiments was carried out using a fine
river sand as a model material. The model characteristics
recalculated to “Nature”, with a scale of coeflicients to
similarity (3), were in good agreement with the parameters
of the ‘home” avalanche.

From Figure 6, one can see that the qualitative velocity
changes for the leading front are generally the same for both
avalanches. The discrepancies of absolute values of velocities
on the same path intervals do not exceed their local fluctua-
tions. The deceleration of the model and “home” avalanches
also begins at the same zones in the vicinity of 2340 m. At
this level, the slope angle, for the real slope, changes from
27° to 20°, passing through the value of the friction angle
for snow which is equal to 24°. The leading fronts of deposit
for the model and “home™avalanches practically agreed and
the volumes and locations of deposits are the same. Tt should
be noticed that deposits of the model material are almost

40 =
ums
20 _
S m
0 [ ' |
0 200 400

Fig. 6. Measured velocity of leading front for “home” ava-
lanche (<) and model velocity recaleulated to “Nature”
(®) vs horizontal distance of retardation zone.
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independent of the initial distribution of the material in the
starting zone and at the height of the starting point. Prob-
ably, this effect is due to the deep (15 m), narrow (12m) and
winding rock channel which restricts the velocity of the ava-
lanche. A powder cloud was also observed in these experi-
ments. Sizes, velocities and run-out distances of this cloud
are similar to the analogous data of clouds generated by
aluminium dust. However, the density of this cloud is very
low. Visible deposits of the aerosol are weak. Probably, in
this case, the model cloud has been formed from fine dust-
loamy particles involved in the dry sand. The artificial addi-
tion of aluminium dust to the sand allows us to use the same
powder cloud as in the first experiments.

On the whole, physical modelling of avalanches, using
the three-dimensional model set-up, gives results which are
close to the results of modelling when the simplest model
set-up was used. However, modelling on three-dimensional
models of actual avalanche paths is preferable, because it is
possible to achieve space distributions of the avalanches and
to estimate the destructive action of the avalanches.

CONCLUSIONS

The experiments in this study have proved the possibility of
physically modelling snow avalanches with dry-powder ma-
terials. Modelling both dense avalanches and avalanches ac-
companied with powder clouds is possible,
similarity have allowed us to scale the parameters of the
model avalanche to the “natural” ones. It is possible to esti-
mate the destructive action of powder avalanches, using the
physical model. In future, it would be desirable to model, in
the laboratory, powder avalanches for which there are good
field measurements.

Iriteria of
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