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ABSTRACT. Dense-flow ava lanches may be simulated as g ranula r fl ows. In this work, 
la rge-scale experiments on ping-pong-ba ll aya lanches a re investigated . In one situation, 
channeled fl ows with up to 6000 ba ll s a re produced . Another se t-up is the open, three
dimensional fl ow over the landing track or a ski-jump fi eld, using up to 300 000 ping-pong 
ba ll s. The measurements foc us on the internal velocity distribution, of the ba lls as well as 
of the a ir. A video ca mera pos itioned above the fl ow a ll ows th e m easure ment of the 
location and distance of a single ba ll , which fina ll y leads to its velocity. DifTerent profil es 
in the head a nd tail as well as other fl ow properti es a re obta ined. W'ith verti cally placed 
tubes, in and above the fl ow, the open ends pointing towards the g round, the stat ic pres
sure depression induced by the air flow is measured and leads to qua litative air-velocity 
profiles in and above the tail of the ping-pong-ball avalanches. 

INTRODUCTION 

In laboratory environments dense fl ow avalanches may be 

investi gated as g ranula r fl ows on inclined chutes. They have 
the advantage tha t they can be repeated m any times a nd 
studied under the same conditions. A di sadva ntage in the 
experiment is the difficulty of reproducing the materi a l 
properti es of snow in a dense fl ow avalanche. 

On thi s subj ect, different experiments with different m a
teri als have been carri ed out, e.g. in Pluss (1987), using plas
tic beads, in Kosugi and others (1994), with ping-pong ball s, 
and in Nohguchi (1997), with styrene-foam particles; in a ll of 
these measurements the m ain focus was on fl ow propaga
tion a nd related aspec ts. In a nother group of experiments, 
the m ain investigation was the measurement of velocity 
profiles in the fl ow. There a re, e.g. the reviews of Savage 
and others (1983), Hungr and Morgenstern (1984), Dra ke 
(1990), Nishimu ra (1990) and Nishimura and others (1993). 
In all these experiments, different materi a ls (mostl y 
spheres) and bed roughness have been used; in common is 
the velocity measurement in the body of quasi- two-dimen
sional fl ows through transpa rent side wall s. 

In thi s paper, la rge-sca le experiments with ping-pong
ball (PPB) flows in a channeled and open set-up a re des
cribed, the focus here li es on the velocity di stribution (of 
particle and air) in the flow. For the pa r ticle-velocity meas
urement, a vertically placed video camera is used. This 
a llows a remote measurement in the centre of the fl ow, with
our any influence of side wa ll s. The air velocity within the 
fl ow is measured on the basis of static pressure depression. 
The m ai n investigation is the study of the di stinct head- tail 
structure, which is inherent in m ost granula r flows a nd 
snow ava lanches. These measurements a re pa rt of a proj ect 
investigating the dynamics and interna l structures of snow 
avalanches, including systematic observations of rea l ava
lanches in Kurobe Canyon Oapan ) and a rtificiall y released 
snow fl ows on a ski-jump fi eld. The most recent results have 
been summarized in Nishimura a nd others (1997). 

T he simila ri ty of granul ar flows is mainl y governed by 
the following set of physica l pa rameters (from Hutter, 1995): 

g, u, H, d, 1I , cp, O. (1) 

with the g ravity acceleration g, downslope velocity U, fl ow 
depth H , pa rticle di ameter d, kinematic vi scosity of the fluid 
//, intern al a ngle of friction <p and the bed-fricti on angle 8. A 
set of dimensionless quantiti es follows with 

u2 d ud 
F = 9 H' cp, 0, A = H ' Re = --;;. (2) 

In the present experi ments, specia l care has to be taken with 
A, the rati o of pa rticle diameter a nd flow depth, With 
A::::: 0.1 , this value is rather high, i. e. the PPB fl ows onl y 
correspond to sha ll ow-flow avalanches. 

Nohguchi (1997), on the other hand, described a simila r
ity ana lysis for the formation of a head- tail structure in 
granula r fl ows, which depends on the termina l velocity of 
the fl ow and on the slope length. T his similarity is valid for 
granula r flows with PPB as well as for snow avala nches. 

In addi tion, it can be mentioned that PPB fl ows fulfill 

the condition of being calculated easily, since there is no co
hesion between the ba ll s. For example, this is most ideal for 
the application of the Savage-Hutter model (Sa\"age and 
Hutter, 1989), currently the most complex model for granu
lar fl ows tha t is being used to model snow ava lanches, 

EXPERIMENTS AND MEASURES 

The cha nneled fl ows were carri ed out in the chute of the 
Shinjo Branch of Snow and Ice Studies, NIED, J apa n. The 
chute has a slope angle of 30° a nd a width of I m. The 
ground and one side wa ll consist of glass plates, while the 
other side wa ll is made of wood. The balls were kept in a 
container on top of the chute. The velocity measurement 
was made a fter a run-out di sta nce of 14.5 m in the center of 
the chute. 

The three-dimensiona l experiments \Yere made at the 
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Miyanomori 70 m ski-jump fi eld in Sapporo. The ground 
consists of plas tic wires (a rtificia l g rass for ski jumpers). 
The ba ll s were put into a large box just below the edge of 
the jump fi eld , from where the fl ow could develop over the 
landing track. After a flow distance of 55 m the steepest 
slope angle of 36° is reached (where the avalanches were in 
a steady-state condition ), and the measurement devices 
were installed at a distance of 85 m: the video camera [or 
measurement o[ the pa rticle velocities on the left side, 2.4 m 
from the fl ow center, and the tubes for air-flow measurement 
on the right side, 1.5 m from the flow centre. 

In all experiments, ping-pang ba lls with a diameter of 
37.7 mm and a weight of 2.48 g (p = 0.0884 M g m - 3) were 
used. The free-fall velocity is calculated to be 9.4 m s- 1. In 

the chute, avalanches with 2000, 3000 and 6000 ba lls, and 
in the three-di mensiona l se t-up, with 150000, 200000 a nd 
300000 balls were produced (see Fig. I). 

Fig. 1. Ping-/}ong-ball avalanche with 250000 balls on the 
ski·;jum/} field. The measumnent devices will be put on the 
lowest horizontal line. 

Velocity IneasureInent with a video caInera 

The velocity measurement ofthe PPBs is based on a uniform 
ball size; balls close to the obse rver, e.g. a video camera, ap
pear bigger tha n balls further away (Fig. 2). That is, with the 
visible di ameter of a ball in the picture frame of the video 
camera, the location of the ball, including the distance from 

the camera, can be calculated. If the same ball can be 
tracked within two subsequent pictures, the three-dimen
siona l ve locity vec tor is obtained . In the calcul ation, differ
ent corrections have to be made, such as the distortion of the 
lens system a nd rotation and position of the camera, to the 

ground. For these measurements a n ordina ry video camera 
with a wide-angle lens was used. The height of the camera 
above the g round was fi xed at 470 a nd 820 mm, in the chan
neled and open fl ow, respectively. l~r evaluation of the co
ordinates and calculation of the velocities, a m aximum 
reso lution of 60 picturesfs, which a re stored on the video 

tape, was used. 
The accuracy strongly depends on the distance of the 

ball from the camera; a t 450 mm, the error in the calcula
ti on of the di stance is about ± 25 mm, a t 800 mm it is 
increased to ± 80 mm. The error in the hori zonta l coordi
nate is smaller: the acc uracy of the downslope velocity com
ponent is about 5% at a distance of 450 mm with a ball 
velocity of 8 m S- 1, and about 8% a t a di sta nce of 800 mm 
with a ball velocity of 15 m s- I. 
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To calcula te the velocity, a ball has to be seen in two sub
sequent frames. In the head of dense fl ows, the density is of
ten so high that only balls from the upper pa rt can be 
measured. 

ZL ZL 
x x 

• • • ••• • • • •• • • • • • •••• • • • • • • • 

Fig. 2. Set -up qf the video camera at the measurement qf the 
ball velociry ( lift) and set-up qf the tubes at the airflow 
measurement (right). 

Air-flow Ineasurement with static pressure depression 

For this purpose, four tubes were fixed at 0.01, 0.15, 0.3 and 
0.45 m above the g round, with their open ends facing down
wards (Fig. 2). The inner di ameter of a tube is 10 mm, its 
leng th is 35 m and the ends are connected to sensitive pres
sure-difference sensors. The air fl ow perpendicula r to the 
tube induces a reduced pressure in the tube. For a downslope 
velocity U the pressure difference 6.P is 

I 2 
- 6.P ="2 pu (3) 

(p is density of the air ).10 include the tube length, the whole 
set-up was calibrated in a wind tunnel. However, thi s equa
tion is only valid for an air fl ow perpendicular to the tube. 

Since air flu ctuations within the ping-pong-ball avalanches 
must be assumed, thi s method can only give a rough esti
mate of the air velocity. 

RESULTS 

Channeled flows 

Characteri stics that distinguish head a nd tail a re ball 
velocity and flow height. Figure 3 shows the maximum 
velocities, U max (average of the three highest values in the 
main flow direction ) and the flow height (centre of ball ). 

In the latter, the highest ball has been excluded, ass uming 
it is an isolated jumping ball. The flow height shows clearly 
the shape of the avalanche head, which is about twice as 
high as the following tail. A similar tendency can be seen 
in the velocities. They increase first to a maximum value 

within the avalanche head and then decrease slightly in the 
tail. From now on, the head sha ll be defined as the first part 
of the flow with a high flow height. For avalanches in the 
chute, this corresponds to 233, 283 and 317 ms (2000, 3000 
and 6000 ba lls, respectively). 

The measured front velocities Ufr of the flows are: 6.3,6.3 
a nd 6.8 m S- l (for 2000,3000 and 6000 balls, respectively). 
This gives the foll owing ratios of the maximum velocity to 
the front velocity U max/U fr: 1.4, 1.43 and 1.35. Thus, a mean 
ratio Umux/Ufr :::::: 1.4 can be assumed. 

Figure 4 is a representa tion of vertical profiles in the 
head of the avalanche with 3000 balls. In each profil e, the 
start and end points of the ba ll s after a time interval of 
17 ms a re given. It can be seen that vertical activity is high; 
the balls are jumping up and down. 
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Fig. 4. Vertical profiles in the head of the avalanche with 3000 balls. 

Averaged vertical profil es of the downslope velocity 
components in the rear part of the head (117- 167 ms, where 
U max ~ const.) and tail a re given in Figure 5. In the head, 
the vertical profil es show lower velocities at g round level; 
the ball s in the middle pa rt of the fl ow and towards the sur
face a re ~ I m s- J fas ter. I n the tail, this is very different; the 
profiles are a lmost constant a nd no reduced velocities at 
ground level can be seen. The mean flow heights in the tail 
a re 70, 70 and 90 mm, corresponding to about 2.5, 2.5 and 3 
layer of ba lls. Since there a re few jumping ba lls, the fl ow 
heights in Figure 3 appear to be larger. The late ral profiles 
in the head and tai l a re constant. The lateral component of 
the velocities v is small anyway; it is Iv/ul < 0.05 at any 
time and at a ll avalanche sizes in the chute. 
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Fig. 5. Averaged vertical pmj£les of the downslope velocity 
components in the rear part of the head (lift ) and in the tail 
( right) of the avalanches in the chute. 

The volume fraction Cba ll of the balls in the flow was not 
measured directly. Estim ations give Cball ;S 0.3 in the lower 
pa rts of the head, which decreases to Cba ll :s 0.05-0.1 in the 
tail. 

Another difference be tween head and ta il follows from 
the flu ctuations in the different velocity components. The 
mean sta nda rd deviations o-(u) , o-(v) a nd o-(w) (which is 
the square root of the granular temperature, as was introduced 
by O gawa (1978)), calculated from the velocities at each 
time-step a nd then averaged over the head and tail, a re 
g iven in Table I. The fluctuations a re a lways higher in the 
headthaninthe t~l . 

Open flows 

The same representa tions of the max imum downslope 
velocities and fl ow heights with time fo r the unconfined 

Table 1. Mean velocity fluctuations in head and tail Jar the 
different avalanche sizes in the channeled flo w 

No. ofballs 2000 3000 6000 
Head Tail !-lead Tail !-lead Tail 

a(u) (m s I) 0.+9 0.29 0.51 0.35 0.+1 0.30 
a(v) (m s I) 0.37 0.29 0.+0 0.35 0.32 0.27 
a(w) (m s I) 0.95 0.84 0.94 0.77 0.82 0.47 
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Fig. 6. Maximum ball velocities and flow heights qf the avalanches in the open flow with 150 OO~ 200000 and 300 000 balls. 

flows at the Miyanomori ski jump are given in Figure 6. The 
curves are no longer similar for the different flow sizes. Thi 
corresponds to a varying fl ow pattern in the open run-out 
(see a lso Fig. I). For example, for the small es t avalanche, 
the position of the video camera was near the edge of the 
flow, where the head is relatively long. This situation has an 
influence on the ratio of the maximum velocity in the flow 
U max to the front velocity Urr; for the 150000 ball avalanche 
Umax /Ufr = 1.15 but for the larger avalanches it is 1.25 and 
1.23 (the front velociti es are 13.6, 13.6 and 15.0 m S- 1, respec
tively ). 

Figure 7 shows vertical and lateral profiles in the head of 
the avalanche with 200000 balls. The time interval of one 
profile is 17 ms. Again, there is high vertical activity. The lat
eral profiles show a st rong outwards movement during the 
first 50 ms (corresponding to a length of about 0.7 m ), away 
from the centre of the flow (which is at y = - 2.4 m ). After 
thi s first part in the head, there is no more specific lateral 

0 
0 50 

movement. Further behind the head (from 133- 167 ms) the 
lateral profiles are not uniform; the balls with low y values, 
towards the centre of the fl ow, are faster. Towards the tail 
(from 183 ms on), this tendency cannot be recognized any
more; there, the 110w seems to be uniform, without any spe
cific lateral velocity component. As in the channeled fl ows, 
the vertical profiles in the tail (Fig. 8) are almost constant. 
The mean fl ow heights in the tail a re 100, 120 and 140 mm, 
correspondi ng to about 3, 3.5 and 4 layers of balls. 

Again, the flu ctuations of the different velocity compo
nents in the head are higher than in the tail (Table 2). 

All results listed above describe characterizations of the 
balls in the avalanche. With measurement of the static pres
sure depression, characteri stics of a ir flow around the balls 
and above the fl ow can be obtained. In Figure 8, mean 
velocities in the tail are given. The vertical profiles are more 
or less uniform. Remarkably, there are no reduced air 
velocities above the flows. A second sensor at a height of 
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Fig. 7. Vertical ( above) and lateral ( below) prrifiles in the head if the avalanche with 200 000 balls. 
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150 mm is at the surface of the tail of the PPB flow; above 
this there are only jumping balls. But the flow-induced air 
movement can be seen even 300- 350 mm above the flow 
surface and 250- 300 mm above the highest jumping balls. 

Table 2. Mean velocity fluctuations in head and tail for the 
different avalanche sizes in the open flow 

. \ 0. of balls 150000 200000 3()()()OO 
H ead Tail Head Tail H ead Tail 

u(u) (ms I) 1.26 0.69 1.42 0.79 1.4+ 0.78 
u(v) (ms I) 0.6+ 0.40 0.65 0.59 0.72 0.56 
u(w) (m S I) 1.05 0.93 1.73 1.79 1.73 1.45 
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Fig. 8. Averaged vertical prqfiles qf the downslope velocity 
components qf the PPBs (lift) and qf the air (right) in the 
tail if the avalanches in the openflow. 

DISCUSSION 

In ping-pong-ball avalanches as in other similar flows, the 
formation of a head i very obvious, [or example, something 
which does not occur in flows using golf balls. From the 
results, the head and tail are distinguished in many ways, 
which are summarized in the following. Most remarkable 
is height, which is more than twice as high in the head as in 
the tail. The downslope velocity increases to its maximum 
in the head, while it is somewhat lower in the tail. Only in 

the head is there any influence of ground friction. The fluc
tuations of all velocity components are higher in the head 
than in the tail. All of this comes together with higher ball 
concentrations in the head. Since the maximum flow 
velocity is in the head and not in the tail, there is no feeding 
of new balls from the rear part of the flow to the front. This is 
a general occurrence in such a short gravity current. 

The different vertical velocity profiles in head and tail 
arc very interesting. This can be explained by the low con
centration in the tail. There are fewer contacts from ball to 
ball than in the dense head. This allows a longer free length 
until the next ball contact. As a res ult, the momentum in the 
tail is distributed throughout the whole flow height. This is 
not possible in a dense head; the momenlUm cannot be 
transferred immediately from the bottom to the top and vice 
versa. 

Comparing these velocity profiles with the above-men
tioned measurements in other granular flows, the almost 
vertical profile is striking, whereas in other flows the balls 
at ground level are much slower. Although all these meas
urements vary in many aspects (such as diameter, density, 
volume fraction, elasticity, restitution and angle of friction 
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of particles, acceleration or steady state of flow ), two points 
seem to be important: the ratio A = d/ H , which is com
paratively high in the present experiments and the rough
ness which is very low. 

A comparison of the velocity profiles obtained with the 
few available measurements for dense-flow avalanches in 

Nature (Gubler, 1987; Dent and others, 1994) points out the 
different behaviour at the bollom of the flows. While in Nat
ure, at ground level a high-velocity gradient and therefore 
high shear stress is measured, there is nothing similar to be 
seen in the PPB avalanches. Above the zone of high-velocity 
gradients, all profiles are simila r, showing roughly constant 
velocities. There are different material properties, ground 
friction, etc., which explain the different flow structures 
near grou nd level. However, in spite of the different proper
ti es, in the upper part of the now the profiles are similar. 

The higher fluctuation of the downslope velocity in the 
head partly follows from the vertical velocity gradient, since 

the fluctuation was calculated from the mean velocity of all 
measured balls at the same time. But the higher fluctuations 
of the other velocity components, where no distinct velocity 
gradient is measured, show that there is in general increased 
activity in the head. 

The ratio of maximum velocity to front velocity 

Umax/Ufr in the open flow is lower than in the chute. It can 
be seen that the velocities in the centre of the flow are 
higher, so that the same I-atio Umax/Ufr ::::: 1.4 can be reached 
as observed in the chute. For comparison, in powder-snow 
avalanche experiments in the laboratory (Keller, 1996), 

using small glass spheres as the particle phase and water as 

the fluid phase, a constant ratio Umax/Ufr = 1.5 has been 
found, which is independent of the initial pa rticle volume, 
distance in the run-out zone and slope angle. Further meas
urements using ping-pong balls have to prove whethn the 
velocity ratio in PPB flows shows the same behavior. 

The PPB avalanches in the chute have a very smalllat
eral velocity component and it has been shown that the in
fluence of the side walls on the velocity distribution is below 
the accuracy of the measurement. Thus, such a channeled 
avalanche can really be regarded as a two-dimensional flow. 
This is different from the open flow on the ski-jump field. 
The head shows a rather complex structure with a short 

time of 0.05 s (which corresponds to a flow length of approx. 
0.7 m ), where the velocity i directed outwards from the 
main flow direction. In the same time, the veloci ty 
increases, followed by a short period (roughly 0.08 s), when 
the downslope velocities of the balls closer to the middle of 
the flow are slightly higher. Afterwards, in the rear part of 
the head and in the tail , the flow is uniform and can be re
garded as two-dimensional. 

The measurement of the air velocity in and above the 
tail shows high flow-induced velocities distinctly above 
those of the flow surface. A possible explanation is that the 
high avalanche head accelerates all of the air mass up to the 
height of the head and even higher and after decrease of the 
avalanche height the air in the upper parts keeps moving, at 
leas t some meters behind the head where the air flow was 
measured. With this strong air now clearly above the now 
itself, it can be understood why the highest-jumping PPBs 
in the tail do not show any reduced velocity due to air fric
tion; they move within the accelerated air. 

The method described for the remote measurement of 
the location and velocity of a ball using a video camera is 
appropriate for such flows. However, thi s method IS re-
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stricted to nows using spheres of uniform sizes or using 
easily distinguishable different diameters. The accuracy of 
the distance measurement is restricted to the pixel resolu
tion of the video camera a nd the quality of the data-record
ing system. 

The measurement of the air velocity on the basis of static 
pressure depression seems to be a useful technique for two 
phase flows, where another system such as a wind anem
ometer does not work any more. But it is a serious defici ency 
that the now direction, which cannot be measured using a 

single tube, has a strong influence on the pressure depres
sion. An improvement to the system, which is currently 
being applied to new measurements, uses differently orien
tated tubes at the same point. 

CONCLUSIONS 

It has been shown that large-scale experiments with ping
pong-ball avalanches allow a study of specific features of 
granular nows, which also lead to a better understanding of 
dense-flow avalanches. Different aspects of the head- tail 

structure, which is a typical property of many granular 
flows, including snow avalanches, are pointed out. The 
measurements show that, in the present se t-up using a 
smooth surface, there is only slip a lmost at ground level. A 
dependence of the shear flow on the ratio A = d/ H (parti
cle diameter/now depth ) in the ping-pong-ball nows can be 
assumed, and in comparison with other measurements this 
ratio seems to be at its upper limit. 

In future experiments, it might be useful to include 
different bed roughness and dependence of the shear flow 
and the vertical velocity profiles on flow height should be 

studied. 
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