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Abstract

Samples of fine glass beads (mean grain size equal to 38 and 95 Wm) have been depressurized within a vertical shock
tube. These short-lived, rapid decompressions resemble discrete, cannon-like vulcanian explosions and produce two-
phase flows that are inhomogeneous in density in both vertical and horizontal directions because of the presence of
bubble-like heterogeneities. We suggest that also volcanic flows may present similar inhomogeneities in density. In the
experimental apparatus the flow velocities increase from approximately 1 to 13 m/s when the pressure drop increases
from approximately 200 to 900 mbar. A physical model of the initial velocities of expansions in the shock tube has
been applied to a range of volcanic overpressures between 0.1 and 20 MPa, suggesting initial velocities of volcanic
flows caused by the removal of a rock plug in volcanic conduits between 25 and 400 m/s. During the experiments at
large pressure drops, as the mixture expands and moves up the tube, the flow front becomes highly irregular and
bubble-like heterogeneities form. The shape of these bubbles becomes distorted and stretched in the turbulent flow.
During the experiments at relatively small pressure drops, the sample oscillates when the particles, after the expansion,
flow back and bounce upward again. Jets with diameter smaller than that of the tube are ejected from the oscillating
samples generating independent pulses. Large bubble-like heterogeneities whose diameter is a significant fraction of
the tube diameter can also discretize the flows. Similar mechanisms in real volcanoes may produce pulse-like ejections
of gas^particle mixtures out of the vent.
; 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

We present the results of shock tube experi-

ments involving depressurization of ¢ne powders.
The behavior of these powders could shed light
on the dynamics of gas^particle £ows in volcanic
conduits. The explosive expansion of mixtures of
pressurized gases and fragments of magma within
volcanic conduits and volcanic £ows cannot be
studied directly. Several studies suggest possible
dynamics using laboratory simulations [1^9].
The advantages of experimental studies with ana-
logue systems are that high velocity gas^particle
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£ows can be observed directly and complex phe-
nomena (not yet identi¢ed by computer simula-
tions or observations of volcanic eruptions) can
be recognized. Laboratory experiments can also
be used to validate theoretical results.
Our experiments develop and expand the stud-

ies made by Anilkumar and co-authors [1,2].
Here, we used ¢ner grain size particles (average
particle diameters are 38 Wm and 95 Wm) than
those used by them in corresponding experiments
(125, 180, 250 and 500 Wm). We also made de-
compressions through a wider range of pressure
drops (from approximately 900 to 200 mbar) in-
stead of the single larger pressure drop values
(1 and 2.1 bar) used by Anilkumar et al. [1,2].
Furthermore, in almost all their experiments the
samples rested on a mesh screen. In only two of
their experiments [2] the beds rested on the closed
bottom end of the sample holder as in all our
decompressions.
The present study is motivated by situations in

volcanoes where pressurized gases expand
through an initially concentrated dispersion of
particles. One important case is in volcanic con-
duits where magma fragmentation occurs over a
narrow depth region and a mixture of pyroclasts
and gas expands and accelerates up the conduit.
Another comparable situation is when a lava
dome containing pressurized gases collapses, ini-
tiating magma fragmentation within the conduit.
In this case the gas phase expands as the rock
mass of the dome disintegrates. Pyroclastic £ows
can be generated in both situations and for this
reason our experiments can be useful in under-
standing their formation. This research aims at
studying the behavior of gas^particle £ows in vol-
canic conduits immediately after magma fragmen-
tation in explosive eruptions. Our quantitative
analysis focuses on the early stages of the expan-
sions and the paper ends with a discussion of the
applications and implications of the experimental
observations for volcanic eruptions.

2. Method

Beds of ¢ne grain size glass beads (with density
V2500 kg/m3) were suddenly depressurized in a

vertical shock tube and their behavior recorded
using a high-speed video camera at 2000 frames
per second. We have used ¢ne powders because
the diameter of the £ow channel in an experimen-
tal apparatus should be large enough to allow for
the large range of scales in the £ow behaviors as
in natural £ows [1^4]. In other words, as in vol-
canic conduits, the ratio between the diameter of
the particle and the diameter of the tube has been
kept as small as possible. The shock tube appara-
tus consists of a cylindrical low-pressure tank (50
cm in diameter and 1 m high) and a vertical Py-
rex1 test cell at the bottom end of which the
sample rests at atmospheric pressure (Fig. 1). A
plastic diaphragm is positioned between the tank
and the test cell and is electrically removed by
sudden melting to initiate the decompressions.
The low pressure within the low-pressure tank is
generated with a pump and measured using a
pressure transducer.
These decompressions have been carried out at

di¡erent pressure drops (vp), de¢ned as the pres-
sure di¡erence across the diaphragm between test
cell and low-pressure tank. Sets of experiments
have been carried out at 100 mbar incremental
steps from vp approximately equal to 200 mbar

Fig. 1. Sketch of the experimental apparatus. The sample in
the Pyrex1 test cell is at atmospheric pressure. The interior
of the tank and Pyrex1 tube is at pressure lower than atmo-
spheric.
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to vp approximately equal to 900 mbar. These
pressure drop values have then been corrected
taking into account the daily variations of atmo-
spheric pressure. For this reason, some experi-
ments were made at slightly di¡erent pressure
drops than the others. Each single experiment in
the same experimental conditions and at the same
pressure drop has been repeated two or three
times in order to assess its reproducibility (Table
1). The environment has been kept as dry as pos-
sible during the experiments (average relative hu-
midity of the air equal to 25% and average room
temperature equal to 27‡C) in order to prevent
cohesive behavior of the powders.
The main sets of experiments were carried out

using ¢ne grain size particles with a mean diame-
ter of 38 Wm (standard deviation 14 Wm) in a test
cell that is 23 cm long and approximately 3.8 cm
in internal diameter. In two ancillary sets of ex-
periments we (1) respectively depressurized the
same grain size particles in a narrower test cell
(47 cm long and 1.6 cm in internal diameter)
and (2) depressurized in the same test cell coarser
grain size particles (mean diameter 95 Wm; stan-
dard deviation 30 Wm). These ancillary experi-
ments are intended for the detection of major
qualitative di¡erences in the £ow behavior when
the mean diameter of the particles is approxi-
mately doubled or the diameter of the test cell is
approximately halved. In the large diameter test
cell we used di¡erent amounts of powder, 100,

150 and 200 g, which result in samples that are
respectively about 6.5, 9.5 and 12.5 cm in height.
The samples in the narrower test cell are 36 cm in
height (100 g of powder). Table 1 summarizes the
characteristics of samples and experiments.

3. Results

3.1. Experiments with the large diameter test cell
and ¢ne grain size (38 Wm) powders

The sets of experiments L, M and N were con-
ducted in the large diameter test cell with the ¢ne
grain size (38 Wm) powders. Fig. 2 presents a se-
quence of images showing the typical large vp
expansion (approximately between 900 and 500
mbar) of a sample with the generation of bub-
ble-like heterogeneities in a £ow that becomes
gradually more turbulent and inhomogeneous.
The expansion appears initially quite uniform
with a nearly horizontal upper surface and no
discernible bubbles. As the mixture expands and
moves further up the tube the £ow front becomes
more irregular and the bubble-like heterogeneities
form in the expanding bed. These bubbles tend to
become bigger (up to 1 cm in diameter at vp
approximately equal to 900 mbar), more distorted
and stretched as the bed expands into a turbulent
£ow. Fig. 2 also shows that the expanding bed is
vertically zoned with no visible bubbles at the

Table 1
Characteristics of samples and experiments

Name of the set
of experiments

Mean grain size Powder bed Test cell Froude number rangea Runs at each vpb

height weight height qc

(Wm) (cm) (g) (cm) (cm)

L 38 9.5 150 23 3.8 93^3 3
M 38 12.5 200 23 3.8 80^3 3
N 38 6.5 100 23 3.8 111^3 3
P 38 36 100 47 1.6 41^0.4 2
Q 95 9.5 150 23 3.8 74^1 2
a The Froude number is computed taking into account the height of the samples after 6 ms from the beginning of the expan-
sions. The large value of the range corresponds to the experiments at the largest vp and the small one to the experiments at the
smallest vp in each set. Intermediate vp experiments present intermediate Froude numbers.
b Number of experiments repeated at the same vp in each set of experiments.
c Internal diameter.
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base. These bubble-like heterogeneities can be
seen only a few centimeters above the bottom of
the test cell and become larger, more distorted
and expanded with increasing distance from the
base. Sub-horizontal concentrations of gas-rich

regions are also observable between the basal
zone with no discernible bubbles and the upper
zone with bubbles (Fig. 2). Fig. 3 shows other
examples of £ows which are inhomogeneous in
both vertical and horizontal directions, and whose
£ow fronts are highly irregular with ¢nger-like
protrusions. At the end of the large vp expan-
sions, the highly dispersed particles £ow back
and settle at the bottom of the test cell.
At relatively small vp (between approximately

400 and 200 mbar) the particle^gas mixture moves

Fig. 2. These frames show a decompression that has been
carried out at relatively large pressure drop (vp). The value
in g is the weight of the sample. The time in ms is measured
from the beginning of the expansion. The mean grain size is
38 Wm. The marks along the length scale are cm and half
cm. The test cell was vertical during the experiments.

Fig. 3. Four images of di¡erent experiments showing highly
irregular £ow fronts with ¢nger-like protrusions. The pres-
sure di¡erence between tank and test cell is vp. The value in
g is the weight of the sample. The time in ms is measured
from the beginning of the expansion. The marks along the
length scale are cm and half cm. The mean grain size is 38
Wm. The test cells were vertical during the experiments.
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up the tube and then £ows back toward the bot-
tom end of the test cell and bounces upward
again. This happens more than once and results
in oscillations of the samples (Fig. 4), whose am-
plitude decreases in time. The oscillations project
upward jets that detach themselves from the main
body of the sample. For example, Fig. 5 shows
two jets that behave independently within the
same tube (one is moving upward and the other
one is £owing back). The jets generated by the
oscillations are independent pulses with a diame-
ter smaller than that of the tube (Fig. 5). The £ow
fronts are highly irregular also at relatively small
vp. The characteristics described above for large
and small vp apply similarly to the experiments
with 100, 150 and 200 g samples.

3.2. Experiments with the large diameter test cell
and coarse grain size (95 Wm) powders

The set of experiments Q involved the large
diameter test cell and coarser grain size (95 Wm)
powders. Again, at large vp, the particle bed ex-
pands turbulently with the formation of bubble-
like heterogeneities and the particles fall back
without oscillations. However, at small vp be-
tween approximately 400 and 200 mbar the oscil-
lations are observed, but the jets are less spectac-
ular and much smaller in size than those obtained
with ¢ner grain size particles. Again, sub-horizon-

Fig. 4. Sequence of frames whose time after beginning of ex-
pansion is shown in ms. It shows that the sample is oscillat-
ing (the circle highlights an oscillating bubble). The pressure
drop is vp. The value in g is the weight of the sample. The
mean grain size is 38 Wm. The marks along the length scale
are cm and half cm. The test cell was vertical during the ex-
periments.

Fig. 5. This sequence of frames shows a jet moving upward
(white arrow) and a jet £owing back (black arrow). The
pressure drop is vp. The time in ms is measured from the be-
ginning of the expansion. The value in g is the weight of the
sample. The marks along the length scale are cm and half
cm. The mean grain size is 38 Wm. The test cell was vertical
during the experiments.
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tal concentrations of gas-rich regions split a por-
tion of the bed horizontally (Fig. 6A). Here, this
feature, which is located between the upper part
of the bed with bubbles and the lower one with-
out visible bubbles, is more prominent than in the
¢ner grain size samples.

3.3. Experiments with the narrow test cell and ¢ne
grain size (38 Wm) powders

The set of experiments P were carried out with
the narrow test cell and ¢ne grain size (38 Wm)
powders. Again, the oscillations of the samples
are best developed at small vp (200 and 300
mbar). At large vp (900 and 800 mbar) the £ows
are broken by relatively large bubble-like hetero-
geneities whose diameter is a substantial fraction
of that of the tube (Fig. 6B). The oscillations of

the sample generate jets, which behave indepen-
dently when produced in sequence (Fig. 6C).

3.4. Initial velocities and initial accelerations

The positions versus time of the most advanced
point of the £ow fronts have been measured using
high-speed videography. These measurements al-
low estimates of an initial average velocity of ex-
pansion observed within the ¢eld of view of the
video camera. A couple of examples are presented
in Fig. 7. Unfortunately, the limited ¢eld of view
of the video camera does not include the entire
distance traveled by the £ows within the shock
tube. For this reason our measurements focus
on the early stages of the expansions, which con-
sist of an initial acceleration and then a period
over which the distance versus time data present
a linear trend as visible in Fig. 7 (of course, at
later stages, these powders decelerate and eventu-
ally £ow back).
The average velocities have been estimated as

the slope of a straight line ¢tting the data by least-
square regression in the region of linear distance
versus time. The ¢rst ¢ve points were not used
because they show the largest acceleration (Fig.
7). The regression lines were always ¢tted to the
data within the same time window (2.5^6 ms) for
all the experiments. This initial time interval is
suitable to compare the velocities at di¡erent vp

Fig. 6. Frame A shows sub-horizontal concentrations of
voids (between the white arrows) formed during the decom-
pression at relatively large pressure drops of a sample with
coarser grain size particles (95 Wm). Frames B and C are im-
ages from experiments carried out using the narrow tube and
¢ner grain size particles (38 Wm). A £ow discretized by rela-
tively large bubble-like heterogeneities is visible in frame B
and a £ow discretized by jets in frame C. In particular,
frame C shows one jet moving upward and one jet £owing
back (arrows). The pressure drop is vp. The time in ms is
the time from the beginning of the expansion. The value in g
is the weight of the sample. The marks along the length scale
are cm and half cm. The test cells were vertical during the
decompressions.

Fig. 7. Positions of £ow front versus time during the decom-
pressions of one sample at large vp (experiment L100a) and
one at small vp (experiment L700a). The value in g is the
weight of the sample and the value in Wm is the mean grain
size. The portion of data in the time window 2.5^6 ms has
been ¢tted with a straight line in a least-square sense to esti-
mate an initial average velocity.
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because the £ow fronts are less irregular and the
samples at small vp are not oscillating yet. The
evaluation of the £ow front position becomes
more uncertain as the front becomes more irreg-
ular and distorted.
Fig. 8 presents the initial velocities of expansion

versus the di¡erent pressure drops in the di¡erent
sets of experiments. The values plotted in these
¢gures are the mean of the average velocities of
the experiments that were repeated exactly in the
same conditions and at the same pressure drops
(the vertical error bar represents the standard er-
ror of the mean). The horizontal error bar repre-
sents an estimate of the experimental and mea-
surement uncertainties in the determination of

the pressure drop. These uncertainties could be
due to possible leakage of the low-pressure tank
or possible calibration errors of the pressure me-
ter. Fig. 8 shows that in all sets of experiments the
velocity increases as the pressure drop increases
(the range is approximately between 1 and 13
m/s). Our movies also allow estimates of the ini-
tial average accelerations of the £ow fronts during
the ¢rst 2.5 ms of the expansions, which range
from 500 to 50 times the acceleration of gravity
(g) at vp respectively from approximately 900 to
200 mbar (Fig. 9).

4. Model of the initial velocities of expansion in the
shock tube

The Froude number is the dimensionless ratio
of momentum to gravitational force and is equal
to:

Fr ¼ U2

gL
ð1Þ

where U is the velocity, g the acceleration due to
gravity and L is a characteristic length such as the
height of the sample bed in the vertical test cell.
The acceleration of gravity becomes important
when Fr6 1. Using the experimental velocities

Fig. 8. Average initial velocities of expansion versus pressure
drop in the di¡erent sets of experiments. The velocities
shown here are the mean of the average initial velocities ob-
tained in experiments repeated in the same conditions and at
the same pressure drop. The values in g represent the
amount of powder. Wide and narrow refer to the diameter
of the test cell. The values in Wm are the mean grain sizes of
the glass beads. The curve shows the theoretical predictions
obtained from our model of the initial velocities of expansion
of the gas^particle £ows of the ¢ne grain size particles in the
large diameter test cell.

Fig. 9. Average initial accelerations during the ¢rst 2.5 ms
versus pressure drop in the set of experiments M, P and Q.
The same experiment in the same condition and at the same
pressure drop was carried out two or three times. The values
in g represent the amount of powder. Wide and narrow refer
to the diameter of the test cell. The values in Wm are the
mean grain sizes of the glass beads.
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shown above, we have calculated the Froude
number for our experiments with L equal to the
height of the samples after 6 ms from the begin-
ning of the expansions, because our average ve-
locities are measured in the time window between
2.5 and 6 ms. In this case, the Froude number
goes from 111 at large vp to 1 at small vp in
the short test cell, whereas in the long test cell
the Froude number goes from 41 at large vp
down to 0.4 at small vp (Table 1). Thus, in the
early stages of the expansions, most of the experi-
ments are dominated by momentum.
The mathematical model presented here has

been developed to describe the physics of the early
stages of the expansions in the shock tube. In our
model we neglect the e¡ect of gravity because the
Froude number (Table 1) shows that its in£uence
is important only for the small vp decompressions
in the long test cell. We also neglect the di¡erence
in velocity between particles and gas. The validity
of this assumption for the 38 Wm glass beads can
be veri¢ed using the momentum equation for an
individual particle written in the following form:

b p
DUp
Dt

¼ 1:75ð13K Þb g
K
3x

ðUg3UpÞ2þ

150W gð13K Þ2
K
3x2

ðUg3UpÞ ð2Þ

Here the right side of this relationship comes from
the Ergun equation [10] for £ow through ran-
domly packed beds of monosized spherical par-
ticles, where x is their diameter, Wg is the gas
viscosity, K is the bed voidage, bp is the density
of the particles and t is time. Assuming that the
gas velocity Ug is constant, the initial particle ve-
locity Up is zero and that there are no changes in
the gas density bg and volume concentration of
particles (13K), the time for velocity equilibration
(i.e. when Up = 0.95Ug) is approximately 1^1.5 ms
for the 38 Wm glass beads, but up to 10 ms for the
95 Wm particles. Thus for the purpose of this
modeling, we can neglect the di¡erence in velocity
between particles and gas after the very ¢rst mo-
ment of the expansion of the ¢ne grain size glass
beads.

After the disruption of the diaphragm in our
experimental apparatus, a rarefaction wave prop-
agates into the test cell and a compression shock
wave moves upward in the opposite direction. Be-
tween these waves there is an expanding region of
constant pressure PSR and velocity USR [11]. Their
values can be computed before the rarefaction
wave enters the particle bed by solving the follow-
ing system of equations [11] :

2
Q31

C0
C1
13

PSR
P0

� �Q31
2Q

2
64

3
75 ¼

PSR
P1

31
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

13ðQ31Þ=ðQ þ 1Þ
Q ððQ31Þ=ðQ þ 1Þ þ PSR=P1Þ

s

ð3aÞ

USR ¼ 2C0
Q31

13
PSR
P0

� �Q31
2Q

2
64

3
75 ð3bÞ

Here Q is equal to 1.4 and represents the isentropic
exponent of air, P0 and P1 are respectively the
pressures in the high and low pressure portions
of the experimental apparatus and C0 and C1
are the velocities of sound calculated for the
same portions of the apparatus (Ci = (QPi/bi)1=2,
where bi are the densities and i=1, 2).
When the rarefaction wave reaches the top of

the sample some of its energy is re£ected upward
and some propagates into the sample. In corre-
spondence to the latter, the pressure starts de-
creasing and the air between the particles moves
upward at high velocity. To describe the propa-
gation of the rarefaction wave within the expand-
ing bed we need to write the equation of state for
the gas^particle mixtures assuming (1) velocity
equilibrium between gas and particles and (2) iso-
thermal expansion for the mixture because of the
high heat capacity of the tiny particles and the
rapid heat transfer between phases. This equation
of state and the velocity of sound Cm in the mix-
ture can be written in the following form:
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P ¼ K 0P0
ð13K 0Þ

bm

ðb p3bmÞ
; C2m ¼

DP
Dbm

¼ P0
b p

K 0

13K 0

b
2
p

ðb p3bmÞ2
ð4Þ

where P is the pressure in the mixture, K0 is the
initial volume concentration of gas and bm is the
density of the mixture.
It is then possible to compute the velocity U of

the £ow front in the shock tube by solving the
following system of equations [11] :

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P0K 0

b pð13K 0Þ

s
ln

P
P0

� �
¼

USR þ 2C0
Q31

P
P0

� �Q 31
2Q 3

PSR
P0

� �Q31
2Q

2
64

3
75 ð5aÞ

U ¼ 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P0K 0

b pð13K 0Þ

s
ln

P
P0

� �
ð5bÞ

where Eqs. 5a and 5b have been obtained by ap-
plying to the gas^particle mixtures described by
Eq. 4 the technique used for Riemann rarefaction
waves in perfect gases [11]. The assumption is
made that the thickness of the initial rarefaction
wave in air is small so that the pressure at the top
of the sample is immediately equal to PSR after its
passage.
The pressure P in Eqs. 5a and 5b is smaller

than the value P1 in the low-pressure tank as a
result of the interaction of the rarefaction wave
with the air between diaphragm and sample. For
this reason the actual pressure drop applied to the
sample (P03P) is larger than P03P1. In any case,
the velocity U is plotted versus the pressure drop
P03P1 in Fig. 8A to allow a comparison with the
experimental data. This ¢gure shows that our the-
oretical predictions are in good agreement with
the experimental data. At large pressure drop
(Fig. 8A), the predicted values are higher than

the experimental ones probably because with
high accelerations the di¡erence in velocity be-
tween gas and particles becomes more important.
Furthermore, the velocities in the narrow test cell
(Fig. 8B) are slightly higher than those predicted
by the model (Fig. 8A). This is due to the fact
that our model refers to the main set of experi-
ments with the large diameter test cell where the
diameter of the tube is the same (3.8 cm) above
and below the diaphragm. In the experiments car-
ried out with the narrow test cell, the diameter of
the test cell below the diaphragm is smaller (1.6
cm) than that of the tube above the diaphragm
(3.8 cm). This leads to more gas expansion and
therefore a higher e¡ective pressure drop. Thus,
although our one-dimensional model does not
take into account the diameter of the test cell, it
assumes an experimental apparatus with constant
cross-section.
This analysis shows that the velocity U of the

£ow front is only a function of (1) the pressure
ratio (P1/P0) and (2) the ratio between the veloc-
ities of sound in the mixture and air (Cm/C0) and
does not depend on time. This is the reason why,
after an initial acceleration, the £ow front main-
tains an almost constant velocity for a while (Fig.
7). Furthermore, the rarefaction wave that travels
through the sample is re£ected upward from
the bottom of the test cell and reaches the £ow
front of the expanding bed after a time t=
L(C31

m +(Cm3U)
31), which is more than 12 ms

in our case, because the wave travels with a veloc-
ity of sound Cm approximately equal to 10 m/s in
our experimental conditions.

5. Model of the initial velocities of expansion in
volcanic conditions

In volcanoes, after the disruption of a rock plug
in the conduit or the collapse of a lava dome, a
rarefaction wave propagates downward in a bub-
ble-rich magma causing its expansion and frag-
mentation. In correspondence to this rarefaction
wave, the gas^particle dispersion generated by
fragmentation expands because the pressure is
higher than at the top of the conduit. In this
case, Eq. 5b can be used to estimate the initial
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velocities of expansion Uv of the generated gas^
particle £ows. Here P0 is the volcanic overpres-
sure Pv, that causes the expansion of the frag-
mented magma. The pressure P can be considered
equal to atmospheric (i.e. the pressure at the con-
duit exit) if we simulate the £ow caused by a
dome collapse, because the shock wave generated
by the removal of the dome at the top of the
conduit will be nearly spherical and for this rea-
son its intensity will drop down quickly. Of
course, P will be di¡erent from atmospheric if
we simulate the gas^particle £ows caused by a
rock plug removal within a volcanic conduit
where the shock wave would be £at and so
more intense. We have calculated K0 in Eq. 5b
using the following relationships:

K 0 ¼
b pðw03wÞ

b pðw03wÞ þ b gð13w0Þ
;

w ¼ k
ffiffiffiffiffiffi
Pv

p
; b g ¼

Pv
RT

ð6Þ

that have been obtained from mass balance be-
tween melt and bubbles and assuming an equilib-
rium mass transfer. In these relationships, w0 and
w are respectively the initial magma water content
and the magma water content when the pressure
is Pv, k is the solubility coe⁄cient, R is the gas
constant and T is the temperature.
The initial velocities of expansion Uv are plot-

ted as a function of volcanic overpressure Pv (be-
tween 0.1 and 20 MPa) and initial magma water
content w0 (between 0.5 and 5 wt%) for a £ow in
the atmosphere caused by the collapse of a dome
resting at the top of the conduit (Fig. 10A) and
for the £ow within a volcanic conduit caused by
the removal of a rock plug (Fig. 10B). In this
second case, the pressure P is the pressure after
the shock wave in air calculated by standard
equations [11]. The calculations in Fig. 10A can
be applied only to the very ¢rst moments of ex-
pansion because gas^particle £ows in the atmo-
sphere are not one-dimensional. Fig. 10 shows
that the velocities of the £ows in the atmosphere
caused by a dome collapse are higher (between
approximately 25 and more than 500 m/s) than

those of the £ows in conduits (approximately
25^400 m/s). In any case, these velocity values
overestimate the initial velocities of volcanic
£ow fronts for various reasons. First, the pressure
at the top of the body of magma does not drop
down immediately because the disruption of the
volcanic diaphragm (rock plug or lava dome) re-
quires time. Second, the pressure in the magma
also decreases before and during the beginning
of fragmentation. Third, the irregular shape and
interlocking of the pyroclasts cause friction that
reduces the velocities of expansions.

Fig. 10. Initial velocities of expansion Uv of volcanic gas^
particle £ows calculated using Eq. 5b for (A) the collapse of
a dome resting at the top of a conduit (spherical shock wave
in the atmosphere) and (B) the removal of a plug in a vol-
canic conduit (plane shock wave within the conduit). No cal-
culations were performed where K06 0.25.
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6. Discussion

6.1. Comparison with volcanic explosions

The short-lived decompressions in the shock
tube are due to a sudden release of pressure and
for this reason are useful to study discrete, can-
non-like vulcanian explosions, where vulcanian is
a generic term for discrete explosions whose ac-
tual causes and characters can vary greatly [6].
Here, we are not simulating magma fragmenta-
tion because the material we are using is already
fragmented, but the experiments and model inves-
tigate the expansion of gas^particle mixtures cre-
ated immediately after magma fragmentation that
follows the disruption of a rock plug in a volcanic
conduit or the collapse of a lava dome. Thus, to
illustrate the applicability of the study, we review
velocities of decompressing volcanic systems in
comparable volcanic explosions.
During vulcanian activity, exit velocities from

40 to 170 m/s were observed at the Soufriere Hills
volcano, Montserrat [12] and velocities up to 300
m/s were measured in Ngauruhoe volcano sug-
gesting even higher initial values [13,14]. Similar
velocities have also been obtained by theoretical
models, for example, between 60 and 170 m/s for
the explosive decompression of lava domes [15]
but also in excess of 300 m/s in a mathematical
model of the propagation of an expansion wave
within an idealized shock tube that simulates vul-
canian activity [16]. Also, Alidibirov [17] obtained
velocities in the range 100^250 m/s in his model of
the explosive fragmentation of a cryptodome
where he assumes an initial gas pore pressure
equal to 20 MPa. Woods and co-authors [18]
used overpressures of 5^10 MPa in their theoret-
ical work, but in a mathematical model of the
Mount St. Helens blast of May 18, 1980 (where
observed ejecta velocities reached 250 m/s) over-
pressures up to 20 MPa were considered [19]. As
in our experiments, also during vulcanian explo-
sions the initial motion of the high-velocity con-
duit £ows may be dominated by momentum [6].
Eq. 5b gives predictions that are in good agree-

ment with our experimental data (Fig. 8A), and
for volcanic overpressures (Fig. 10) suggests a
range of initial velocities of volcanic £ows caused

by the removal of a rock plug within volcanic
conduits between 25 and 400 m/s within which,
as shown above, the values obtained with obser-
vations and modeling studies are included. In any
case, the purpose of our mathematical model is
only to estimate the initial velocities of expansion
and it does not explain the complex structures
that are observable in the expanding beds.

6.2. Features of the expanding beds

The decompressions of these beds display fea-
tures such as expansions, bubbles and turbulence
that are reminiscent of £uidization. For example,
in classic £uidization experiments [10], when the
velocity of the gases increases, the sample passes
through di¡erent regimes from particulate £uid-
ization (i.e. expansion with no bubbles), to bub-
bling £uidization (i.e. expansion with bubbles), to
turbulent £uidization and then fast £uidization
and dilute transport. Early expansions without
bubbles are visible in our experiments as well
(Fig. 2), but small voids may not be discernible
in the initial stages of the £ows simply because
they are not resolvable or are in the interior of
the £ow. In any case, in our experiments the ex-
pansion is achieved by the propagation of a rar-
efaction wave that moves downward from the top
to the bottom of the sample (as in volcanic con-
duits), whereas in traditional £uidization experi-
ments the expansion is generated by gases moving
upward from a gas distributor located at the base
of the bed. Furthermore, the £uidization charac-
teristics depend on the environmental conditions
such as temperature and pressure [10] and our
experiments have not been carried out at atmo-
spheric pressure. We also observed sub-horizontal
concentrations of gas-rich regions (Figs. 2 and 6),
which look like horizontal fractures that partition
a portion of the beds into horizontal slabs. This
feature, which was also described by Anilkumar
[1], is more prominent during the decompressions
of the coarser grain size particles.

6.3. Implications for volcanic eruptions

Our experiments generate high-speed, dusty
gases, which are the result of rapid depressuriza-
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tion of the interstitial bed £uid and the conse-
quent expansion of the bed of particles (Fig. 2).
Also the fragmentation of magma may produce
expanding gas^particle mixtures with some of
the general characteristics observed in our experi-
ments, although some features are probably af-
fected by inter-particle forces such as the electro-
static forces induced by the charges carried by the
particles. For example, the two-phase £ows are
highly inhomogeneous in density (Fig. 3) because
of the presence of bubble-like heterogeneities and
this is possible in real volcanic £ows [1,2,6]. In
this case, the bubble-like heterogeneities are prob-
ably not signi¢cantly a¡ected by the electrostatic
forces because bubbles are also present during
classical £uidization experiments [10] of coarser
grain size particles where the electrostatic forces
are clearly not dominant. The complexity of these
£ows is also demonstrated by their highly irregu-
lar £ow fronts (Fig. 3), whose ¢nger-like protru-
sions remind the contemporary, numerous dark-
gray ¢nger jets of ash and debris spreading from
the vent at the beginning of vulcanian explosions
[12].
We advance the hypothesis that large inhomo-

geneities in density due to the presence of bubble-
like heterogeneities are also possible in volcanic
conduit £ows. In our experiments, the largest
bubbles can reach a size that is an important frac-
tion of the diameter of the narrow test cell (Fig.
6). This is a critical issue to understand the dy-
namics of explosive £ows as they emerge from
vents, which has been considered in controversial
discussions of how pyroclastic £ows can form
during explosive eruptions. For example, a low
particle concentration mixture produces a low
density, turbulent gravity current, which either
deposits in a dilute state or develops dense under-
£ows. However, if highly inhomogeneous £ows
emerge then much of the erupted particles will
already be in very dense regions. As such regions
fall under gravity they can immediately generate
concentrated pyroclastic £ows during the collapse
processes. There will also be much more e⁄cient
separation of gas and pyroclasts.
The jets caused by the oscillations of the sam-

ples discretize the £ows and generate di¡erent
pulses (Figs. 5 and 6). A question arises then, if

a similar mechanism in real volcanoes can pro-
duce di¡erent, separate £ows within the conduits
and discrete, pulse-like ejections of gas^particle
mixtures out of the vent to generate pyroclastic
£ows. A di¡erence between real volcanoes and
our experimental apparatus is that our shock
tube is closed at the top and at the bottom and
this causes multiple re£ections of rarefaction and
compression waves and allows the air still inside
the tube at small vp to oscillate. For this reason,
we have focused our velocity measurements and
quantitative model to the early stages of the ex-
pansion. Furthermore, the jets caused by the os-
cillations of the coarser grain size particles are
smaller in size than those generated by the ¢ner
particles. However, rarefaction resonance occurs
in shock-tube £ows and this has been suggested
to generate pulsed propagation of erupted ash
also in volcanic conduits [20]. In magma cham-
bers and volcanic conduits, multiple re£ections
may be due to density interfaces or variations of
the conduit diameter. We can also suggest that
oscillations and jets may be caused by gas over-
pressures generated when the volcanic gas^par-
ticle mixture £ows back into a conduit that has
not been completely emptied. Erupted material
that falls back into the conduit may also play a
role in eruption pulsations by creating momentary
plugs or restrictions with re-circulation of the pre-
viously expelled tephra.
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