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Abstract Paper reports a result of analog experiments
regarding the simulation of magma fragmentation. We filled
a starch sirup foam, as an analog material, in a 117–240 mm
long and a 50 mm diameter high pressure chamber and
exposed it to a rapid decompression. The foam was prepared
by mixing starch sirups of dynamic viscosities ranging from 5
to 1012 Pa· s at temperatures ranging from 293 to 343 K with
nitrogen at 2.5 MPa gauge pressure. In ejecting high-pressure
foams into a low-pressure chamber, diagnostics of foam’s
fragmentation process were pressure measurment and high-
speed video recording. Prior to decompression experiments,
we examined visco-elastic properties of foam specimens by
using a rheometer. The foam deformation under decompres-
sion was found to be axial–symmetrical, and strongly coupled
with bubble growth and coalescence. These effects contrib-
uted even more efficiently to fragmentation processes than
previous laboratory experiments using other analog materi-
als. Fragment shapes varied widely depending on the temper-
ature and water concentration of starch sirup foams, which
proved that fragmentation process was governed by not only
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1 Introduction

In explosive volcanic eruptions, magma fragmentations
create wide varieties of fragments’ shapes and sizes. The
fragment formation is not only a peculiar geo-physical phe-
nomenon but can be in principle directly governed by unste-
ady gas-dynamic processes. Volcanic ash is direct outcome
of magma fragmentations. The fly ash of diameter less than
2 mm can be drifted by winds reaching a very long distance
and hence the resulting devastation would spread a very large
area and significantly damage natural environment, human
lives, and properties.

As magma rise to shallower positions and cool, their melts
can become saturated with the volatile gases such as H2O
vapor, SO2 and CO2. Once saturated, the excess dissolved
volatiles are separate into a distinct fluid phase and gas bub-
bles are generated in it [1]. The resulting decrease in magma
density spontaneously drives it to ascend, the further nucle-
ation of bubble and growth is caused due to its pressure
decrease. When exposed to a further rapid decompression
near ground surface in the event of the destruction of a cap
rock plugging the top part of a volcanic conduit, the magma
containing bubbles starts to move and hence to be frag-
mented. Then the fragmented magma is ejected into air and
eventually a tiny fragment turns into a volcanic ash [1]. This
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372 H. Yamamoto et al.

is a superficial description of so-called magma fragmentation
but one can understand that its process is governed by unste-
ady gas-dynamic, and mass and heat transfer procedures.

However, the feature of fragmentation is also determined
by the character of bubbly magma, generally depending upon
whether the characteristic deformation time is longer or
shorter than the viscous relaxation time [2]: (1) Hydrody-
namic fragmentation in a ductile regime in which less viscous
magma behaves like liquids; and (2) Brittle fragmentation
in a brittle regime in which highly viscous magma behaves
like solids [3,4]. The former is often represented by lava
fountaining eruptions observable in Hawaiian volcanoes and
the later due to a magma fragmentation produces abundance
of fine volcanic ash. Resulting devastations are caused by
falling ash.

Recently to simulate dynamic process of magma frag-
mentation, laboratory scale analog experiments have been
performed by adopting analog material and natural rocks in
particular illuminating its unsteady physical processes. Four
steps of magma fragmentation simulation have been pro-
posed such as initiating vaporization, exsolution, chemical
reaction, and gas expansion [5].

Explosive boiling occurring in homogeneous nucleation
is also observable in superheated liquids [6] and mixtures of
superheated liquid and inert particles [7]. These experimental
results suggest that a range of bubble nucleation and growth
vary depending on the rate of decompression in supersatu-
rated liquids. In previous experiments, the gas phase com-
position was kept the same as the condensed phase. In this
regard, this model was inappropriate for simulating explo-
sive eruption, because the real system consisted of a dis-
tinct three-components: such as gas phase of H2O, CO2, etc.;
liquid phase such as a silicate melt; and solid phase, say crys-
tals, etc.

The exsolution experiments have been performed by rapid
mixing between concentrated K2CO3 and HCl or decom-
pressed CO2 saturated water [8–11] and also by rapidly
decompressing a Gum Rosin — Acetone (GRA) system [12].
In these experiments, the decompression in highly supersatu-
rated liquids accelerated the motion of a nucleation interface
behind which bubbles grew explosively and promoted the
fragmentation. Disturbances generated by the bubble growth
induced further nucleation in the immediately underlying
supersaturated liquid. This observation is rather reverse to
the prediction proposed with early analytical models [13], in
which the gas phase evolution occurs inside foams at rest and
then the foams are accelerated after the termination of frag-
mentation by the expansion of high-pressure gases released
from the bubbles.

These experiments also show that bubble radii increase in
proportion to t2/3 or t , where t is elapsed time. This increase
rate is greater than the t1/2 as expected in the case of diffu-
sive growth of a quiescent spherical bubble in an infinite fluid

and is frequently used in early numerical models of explosive
volcanic eruptions [13,14].

Alidibirov and Dingwell [15–17], exposing highly vis-
cous vesicular magma to expansion waves, have proposed
an experimental model regarding the fragmentation of brit-
tle materials under sudden decompression and reported
that violent explosions were reproducible when magma even
at relatively low temperature was exposed to expansion
waves. The formation and coalescence of bubbles were
not essentially important even though these contributed
to the consequence for hazard assessment of lava dome
eruption.

Effects of magnitudes of decompression, temperature,
amount and size of crystals, porosity, and pore morphology
on the fragment size distribution have been investigated in a
shock tube developed by Alidibirov and Dingwell [15,18–
20]. Although they designed it to withstand against high
temperature, and pressures, and hence any optical visual-
izations were totally not applicable. Alidibirov and Panov
[21] introduced, as an analog material, a porous solid plastic,
so-called plastiprin, which was produced by phenolformal-
dehyde resin foam in using C8H12N4 as a foaming agent.
Taking the visco-elastic effect of analog materials into con-
sideration, Ichihara et al. [22] also successfully visualized
the process of fragmentation of a dilatant silicone compound
by using a high-speed video camera. They noted that the
fragmentation process was characterized by the following
observations: (1) the propagation of a decompression wave
through the porous sample causes filtration-gas flow through
the neighboring pores. A pressure gradient occurs through-
out the porous sample; (2) and if the resultant pressure dif-
ference between gas pressure in pores and that on its surface
is high enough for specimen to be fragmented; and (3) when
the pressure decreases over a fresh free surface, the pressure
difference is transmitted into the neighboring layers. Then
the fresh layer is successively fragmented and hence the pro-
cess continues. This layer-by-layer fragmentation, character-
ized by a fragmentation front propagating perpendicularly
to the direction of decompression, is applied to the brittle
fragmentation model of vesicular magma. Nevertheless it is
not clear-cut that how high gas permeability magma has just
before explosive eruption. The expansion style of visco-eal-
stic bubbly fluid due to rapid decompression was investi-
gated by Mourtada-Bonnefoi and Mader [23] and Namiki and
Manga [24], these show the bubble drive expansion breaks up
into discrete particles. However, those test fluids are less vis-
cous than typical magmas in explosive eruptions, we do not
known much about the fragmentation process in highly visco-
elastic liquids containing excess pressure in pre-existing bub-
bles or pores. As volatile mass flux is insignificant when
the decompression time is very short and viscosity is high,
which may occur if highly viscous magma is rapidly decom-
pressed [25], highly visco-elastic fluid enriched in inert gas
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bubbles is desirable to simulate dynamic process of magma
fragmentation.

In this paper, we will clarify dynamic effect visco-
elasticities of starch sirups as analog materials on magma
fragmentation. Firstly we developed an experimental facility
that was most suited to illuminate unsteady effect at magma
fragmentation. It was, in principle, a shock tube equipped
with high-speed video system and possible to regulate wave
motions in visco-elastic liquids.

We employed starch sirup foams mixed with nitrogen
at various void ratios and herein described the process of
foam production in detail. Visco-elastic properties of starch
sirup at various water concentrations and temperatures are
measured by a rheometer (AR-2000, TA Instruments Waters
LLC, USA).

Starch sirup foams filled in a shock tube’s high-pressure
chamber are suddenly exposed to expansion waves by ruptur-
ing a diaphragm separating the high-pressure chamber from
atmospheric pressure. This procedure is very analogous to
the initiation of magma fragmentation in volcanic conduits.
Its dynamic process is visualized and recorded with a high-
speed video system (Shimadzu Corp., Japan).

2 Experimental method

2.1 Starch sirup

We used hydogenerated glucose sirup (HS-20, Hayashiba-ra
Shoji, Inc., Japan), a synthesized starch sirup is a basic ingre-
dient of cooking and making sweets. Specially, HS-20 is hard
to brown by heating, stable for dampness, and dry in com-
parison with other types of starch sirup. We will then refer
HS-20 as starch sirup.

Generally, the rheological property of starch sirup varies
significantly widely according to its water concentration and
temperature. It flows like a liquid at higher water concen-
tration and higher temperature, whereas at a very low water
concentration and low temperature, its behavior is like a solid.
Its physical feature is analogous to the volatile- and temper-
ature-dependent viscosity and solid end products, which are
characteristics of hydrated magma system. We hence adopted
starch sirup as a magma replacement. To control its rheo-
logical property, we changed water concentration by slowly
heating it up to its boiling temperature 353 K by putting it
in a vacuum drier (Type VO1-B, Shimizu Rikagaku Factory
inc., Japan). The starch sirup’s initial water concentration
was 30 wt.%, where we abbreviate its water concentration
in weight to “X wt.%”. In heating it, we could decrease its
water concentration readily down to 10 wt.%. This value was
estimated from the weight reduction during the evaporation
process with the accuracy of ±1 g.

The reduction of starch sirup weight from 30 to 10 wt.%
took for 3–4 days. Simply the series of the present experi-
ments took a very long time. While heating starch sirup, its
surface was solidified and covered with a several millimeter
thick hard crust. As such a surface heterogeneity would cause
a noticeable error in estimating water concentration, to min-
imize the error we processed amount of 3 – 4 kg starch sirup
for one sequence and then selected only soft parts by strictly
rejecting the hard crusts.

2.2 Rheometer measurement

An oscillatory shear measurement is the most commonly
used method for characterizing linear visco-elastic properties
of polymer melts and concentrated solutions. It is based on
the principle that in applying a repeated stress to a specimen
over a wide frequency range ω and monitoring the corre-
sponding stress response from the specimen, one can deter-
mine its visco-elastic properties. Usually at a given phase
angle ω, the phase shift from ω occurs. The rheometer then
decomposed the corresponding response of phase angle into
in-phase and out-phase components in terms of ω [26]:

γ (t) = γ0sin(ωt) for input (1)

σ(t)/γ0 = G ′(ω)sin(ωt) + G′′(ω)cos(ωt) for output

(2)

where G ′(ω) is the dynamic storage modulus representing
the elastic response, and G ′′(ω) is the dynamic loss modu-
lus representing the viscous response. The dynamic viscosity
η′(ω) of a liquid with absence of any solid components would
be given by

η′(ω) = G ′(ω)/ω (3)

Visco-elastic properties of starch sirups were measured
simultaneously prior to the decompression experiments based
on a controlled strain given by a rheometer (AR-2000, TA
Instruments Waters LLC, USA). To measure the frequency
response of viscous specimens we sandwiched a starch sirup
between an upper aluminum disc of diameter 25 mm and
a lower disc 40 mm, which were kept parallel at interval of
2,000 µm. The amplitude of applied strain has been set within
the range of linear response of the material. The frequency
ranged from 1 to 100 Hz and at working temperature varying
from 253 to 353 K.

Although rapid decompression of the starch sirup speci-
mens contains various phenomena over a wide range of time
scale, the frequency range is limited in laboratory
tests. Assuming thermo-rheological simplicity, we can use a
time-temperature super-position theory for determining
starch sirup’s rheological behavior at high frequency
(Williams-Landel-Ferry, WLF equation [26]). It is based on:
(1) the molecular relaxation or the rearrangement in
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visco-elastic materials occurring at acceleration rates at
higher temperatures; and (2) a direct equivalency between
time (the reduced frequency) and temperature. Hence, the
time over which these processes occur can be reduced merely
by conducting the experiments at elevated temperatures and
also extrapolating obtained data to those at lower tempera-
tures. The result of such a data shifting is based on a “master
curve” with which the material property under study at a
given temperature will be estimated over a wide range of
time scale. The present rheometer tests hence produce reli-
able data.

2.3 Shock tube

We used a vertical shock tube consisting of a high-pressure
chamber on the top (HC), a lower high-pressure test section
(TS), an auxiliary high-pressure chamber (AH), and a damp
tank (DP) as shown in Fig. 1. All the metal sections were
made of stainless steel. HC was a settling chamber, in which
we filled a starch sirup at adjusted temperature and pressure
to a quarter of its height. The HC was heated with a ribbon
heater covering the HC’s outer wall and its temperature was
controlled with a digital thermo controller equipped with K
thermocouple (TC-3000, As One Inc., Japan).

The pressure was controlled by feeding high-pressure
nitrogen and measured with a 1,000 division precision pres-
sure gauge. At the bottom of HC, a mixing nozzle was con-
nected. Later its mechanism will be explained.

Individual segments of TS, AH and DP are separated by
the insertion of Mylar diaphragms. Thick wall stainless tubes
of 50 mm inner diameter and 90 mm outer diameter were
used for TS, AH and DP. HC and TS were designed to
withstand pressures at 2.5 MPa gauge pressure and 353 K,
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Fig. 1 A vertical shock tube consisting of the upper high-pressure sec-
tion, the lower high-pressure section, assist high-pressure section and
damping section
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Fig. 2 Pictures of the aspheric lens taken from long axis and short axis,
in which a plastic sheet ruled into 1 mm squares is inserted: a Air, long
axis; b 13 wt.% starch sirup, long axis; c 13 wt.% starch sirup, short axis

which was maintained during the process of mixing sirup
with nitrogen gas.

We inserted, as a test section, a 50 mm inner diameter and
100 mm long aspheric shaped cylinder made of acryl. In some
cases two cylinders were connected. This shape is designed
and manufactured in house which enables to visualize flows
in circular cross sectional tubes with a collimated object light
which transmits through the circular cross sectional tube in
parallel and comes out in parallel [27,28]. Figures 2a–c show
the test section with schematic diagram of the visualization
light rays in the test section: (a) frontal view in air; (b) 13 wt.%
starch sirup, frontal view; and (c) 13 wt.% starch sirup, side
view. A plastic test chart marked with 1 mm square meshes is
inserted in it in Fig. 2a. But it is noticed that the aspect ratio
of the square meshes looks rectangular shape because of the
view field’s aspect ratio. With this arrangement, we could
quantitatively visualize events in air in a 50 mm diameter
tube [27,28].

In Figs. 2b, c, starch sirup of 13 wt.% is filled in test sec-
tion: frontal view and side view, respectively. Because the
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refraction index of starch sirup is larger than acryl, paral-
lel light ray entering the aspheric lens to its longer axis and
passing through the shaded area, reflects at the inner wall and
comes out from its side as seen in Fig. 2b. Unlike the obser-
vation in air and although the collected images are distorted,
we can observe events in starch sirup foams much better than
the use of co-axial cylindrical test sections as seen in Fig. 2c.

Two pressure transducers each accommodated in MC
nylon adapters were mounted and installed in top and bottom
stainless steel flanges, A and B. To initiate expansion waves
propagating along starch sirup foams in TS, we used a dou-
ble diaphragm system by connecting AH to HC. The pressure
in AH was half value of the pressure difference between HC
and DP. As the diaphragm between DP and AH can withstand
this value, when AH pressure increases by about 0.5 MPa, it
will burst instantaneously and then the diaphragm between
AH and TS is spontaneously exposed to atmospheric pres-
sure. The arrangement A in Fig. 1 was used to measure a
sound wave velocity in starch sirup foams and the arrange-
ment B in Fig. 1 with an elongated AH section was used for
the fragmentation tests.

To produce starch sirup foams, we connected a 8 mm
diameter nozzle at the bottom of HC as shown in Fig. 3.
Its entrance was plugged with a cylinder for sustaining the
pressure difference of 0.5 – 1 MPa. The nozzle was activated
by manually shifting the plug upward. As seen in Fig 3, we
had four 1.8 mm diameter venting tubes, which were con-
nected between the pressure nitrogen reservoir and the noz-
zle entrance and would feed high-pressure nitrogen into the
starch sirup moving toward the nozzle. As soon as the plug
was shifted, the starch sirup was pushed to flow down due
to backup high pressure nitrogen. Eventually approach flow
pressures to the nozzle entrance reduced so that pressurized
nitrogen was effectively supplied into the starch sirup through
the four venting tubes, and hence nitrogen mixing into starch
sirup was achieved. We developed this method by the trial
and error and technically this system is analogous to an ejec-
tor and to handle very viscous liquids, optimizations are still
required. With such a dynamic mixing procedure, so far we
maximized void ratio of nitrogen in starch sirup.

The process of starch sirup foam formation was as fol-
lowing: Pressurizing HC at 2.5 MPa gauge pressure, keeping
TS pressure by 1 MPa, maintaining AH pressure below the
diaphragm rupture pressure, and then opening the venting
holes to introduce starch sirup foam into TS. Then the nozzle
was manually closed by the pressure difference between HC
and TS, and the leak valve in TS was opened in keeping the
pressure difference at 1 MPa. We repeated these procedures
until the starch sirup foam was fully filling TS, waited for sev-
eral minutes to 10 hours until starch sirup foam recovered to
desired temperature 296 – 353 K. Bubbles look isolated in
starch sirup and when the test section was pressurized, bub-
bles contarcted. Diffusion between nitrogen gas and starch

Fig. 3 A sketch of ejection nozzle mounted on the base of HC

sirup is insignificant. Under constant pressure, bubble size
change could not be observed at least for 10 h.

Then the shock tube run started. At the sudden rupture of
the diaphragms, expansion waves were generated in TS prop-
agating from the bottom to the top. Pressures were measured
with pressure transducers, Kistler model 601B1 of rise time
2µs, and resonant frequency of 300 kHz, flush mounted at the
positions of A and B in Fig. 1. The output signals from the
pressure transducers transmitted to charge amplifiers, Kistler
model 5011A and stored in a digital transient memory,
Yokogawa-DL716 at sampling rate of 200 kHz. To calibrate
pressure transducers, we crosschecked the manufacturer’s
calibration chart by comparing it with pressure responses
to known expansion waves in this shock tube.

For estimating void ratio φ from photo images, we firstly
counted bubble number and its radius distributing at a test
section’s control volume. Figure 4 shows results: in Fig. 4 a
13 wt.% at 307 K; and in Fig. 4b 13 wt.% at 323 K. Following
the previous study [18], and assuming that the bubbles were
spherical, we processed the bubble images on photographs
taken just before individual experiments and obtained nom-
inal void ratio. The resolution of digital images was 0.038 –
0.124 mm/pixel. The resulting error due to the uncertainty of
the bubble edges was ±0.076 – 0.248 mm and the void ratios
in Fig. 4a, b are 0.12 – 0.18 and 0.24 – 0.27, respectively. At
higher temperature we could obtain such a high void ratio.
Starch sirup foams thus created were eventually ejected into
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Fig. 4 Images of test section
taken just before the rapid
decompression: a 13 wt.%,
307 K; b 13 wt.%, 323 K. All the
bubbles recognized in rectangle
frame have been fitted with
closed curve. By measuring the
area of the closed curve, the
void fractions (φ) were
determined as a 0.12 – 0.18 and
b 0.24 – 0.27. The uncertainty is
due to the image resolution
(0.031 – 0.124 mm/pixel)

DP. Fragments so far atomized had widely distributing sizes.
Fragments were recovered in DP and their size distribution
was measured by using a digital camera backed up with a
image processing software (Scion Image, Scion Corp. USA).
Simplifying the fragment shapes to be spherical and then we
could draw a histogram of fragment number against diameter.

However, fragment shapes being not necessarily spheri-
cal, we should admit a slight discrepancy, even though not
significantly large, between the estimated volume ratio and
the real one [29].

3 Results and discussion

3.1 Bubble/starch sirup mixing

The void ratio at given water concentration varied with tem-
perature is seen in Table 1. To simply estimate void ratio, we
filled starch sirup foams at ambient condition in a plastic cup
of known volume from 0.128 to 0.139 l and then measured
its weight. A maximum void ratio in 30 wt.% starch sirup at
313 K exposed to pressure decrease from 0.88 to 0.49 MPa
was 29% and that exposed to pressure difference from 0.1
to 0 MPa was 20%, whereas that in 12 wt.% starch sirup at
337 K exposed to pressure difference from 0.94 to 0.49 MPa
was 28%.

In the case of starch sirup of 13 wt.% at 338 K, the trend
of maximum void ratio is opposite to other cases. It is 5% at
the pressure difference of 0.98 to 0.69 MPa, and 12% at 0.49
to 0.39 MPa. This implies that the largest void ratio produc-
ible by the present method does not exceed 30% and the void
ratio is variable depending on the pressure difference.

However, in the case of 20 wt.%, the nitrogen venting holes
were often stuck with starch sirup while closing the nozzle.
As the nitrogen velocity decreased due to repeated ejections
through the nozzle, mixing process was so deteriorated that
starch sirup becomes less foamy. Less viscous starch sirup
could easily flow through the venting holes but more viscous
one flow slowly and readily stuck in the holes.

Table 1 Void ratio of starch sirup

Water Order of Void Differential Temperature
concentration (wt.%) ejection ratio pressure (MPa) (K)

1 0.29 0.88 – 0.49 313

30 2 0.25 0.49 – 0.10 313

3 0.20 0.10 – 0 313

1 0.27 0.91 – 0.49 333

20 2 0.22 0.91 – 0.49 333

3 0.20 0.91 – 0.49 333

1 0.05 0.98 – 0.69 338

13 2 0.10 0.69 – 0.49 338

3 0.12 0.49 – 0.39 338

4 0.11 0.39 – 0.29 338

12 1 0.28 0.94 – 0.49 337

2 0.27 0.94 – 0.49 337

3.2 Rheological properties

Non-Newtonian behavior of starch sirup is represented as
strain rate dependency, which area observed at various water
concentrations: (a) 30 wt.%; (b) 20 wt.%; (c) 15 wt.%; and
(d) 12 wt%. We used a forced torsion oscillation method
as mentioned in Sect. 2.2. Figure 5 shows master curves
at 293 K obtained by time–temperature superposition the-
ory. The abscissa designates angular frequency and ordi-
nate dynamic storage modulus G ′(ω) representing the elastic
response, and the dynamic loss modulus G ′′(ω) representing
the viscous response. Two curves of G ′(ω) and G ′′(ω) indi-
cate that the frequency and temperature dependency of the
complex modulus are similar to those of typical polymeric
visco-elastic liquids in the viscous frequency domain [19].

In the case of 30 wt.% starch sirup, G ′′(ω) is larger than
G ′(ω) in the frequency range under study, which implies
that the viscous response is dominant, whereas in the case
of starch sirups of 20, 15 and 12 wt.%, G ′(ω) and G ′′(ω)

intersect at 103, 10−3 and 10−4 rad/s, respectively, and at
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Fig. 5 Oscillatory frequency sweep on starch sirup with various water
concentrations: (a) 30 wt.%; (b) 20 wt.%; (c) 15 wt.%; (d) 12 wt.%.
The real and the imaginary parts of the dynamic rigidity are denoted
by G ′(ω) and G ′′(ω), respectively. The master curves are written
using time/temperature super-position theory (Williams-Landel-Ferrry
(WLF) equation)

high frequency ranges, G ′(ω) is larger than G ′′(ω), which
implies that the elastic response is pronouncing. Although,
the dynamic shear viscosity η′(ω) at 15 and 12 wt.% shown
in Fig. 6 as a function of ω represent that decreases of the
viscosity with increasing rate of shear (shear-thinning). When
starch sirup except 30 wt.% faces to phenomenon at high
frequency range such as shock wave and bubble oscillation,
solid-like behavior is expected. In contrast, liquid-like behav-
ior is expected at low frequency range.

3.3 Fragmentation process

We examined the response of a 13 wt.% starch sirup foam to a
rapid decompression from 2.6 to 0.1 MPa at various temper-
atures and void fraction. The experiments were performed in
the test section arrangement B in Fig. 1.

Figure 7a–d shows sequential observations and simulta-
neous pressure histories measured at the A and B transducers
and the elapsed time started from the arrival of expansion
wave at the B transducer: (a) 87F1, φ = 0.15, 324 K; (b)
87E5, φ = 0.25, 323 K, (c) 87J1, φ=0.14, 320 K, (d) 87J5,
φ = 0.15, 307 K. Abscissa denotes the elapsed time in ms
and ordinate the pressure decrease in MPa. A dashed line
and a solid line show the signal from B and A transduc-
ers, respectively. As soon as the diaphragm between AH and
DP ruptures the expansion wave started to propagate from
bottom to top and the B transducer records continuous
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Fig. 6 The dynamic shear viscosity, η′(ω), of the sirup as a function of
angular frequency, ω. The data are obtained by η(ω) = G ′(ω)/ω using
the data in Fig. 5

pressure decrease down to about 1.5 MPa. It is noticed that
ruptured diaphragm patterns showed nearly a complete open-
ing so that there was no choking at the diaphragm section.
Hence, judging from the bulged diaphragm pattern on the
video images at 0 ms in Fig. 7a–d, a concavely shaped expan-
sion wave propagated from the bottom to top and its arrival
time detected by the A transducer was marked DW1. The
arrival time of the expansion waves at DW1 is: 257 ms, φ =
0.15, 324 K in Fig. 7a; 341 ms, φ = 0.25, 323 K in Fig. 7b;
225 ms , φ = 0.14, 320 K in Fig. 7c; and 165 ms, φ = 0.15,
307 K in Fig. 7 d. DW1 in Fig. 7a, c does not differ much
but DW1 in Fig. 7b is 50% elongated. A Mylar diaphragm
made from polyethylene is sensitive to its working tempera-
ture, and hence it can be more elastic at elevated temperature
but becomes relatively brittle at room temperature. The sim-
ilar character also exists in starch sirup foam. In Fig. 7d the
experiment was performed at 307 K, and other experiments
were performed at elevated temperature. Hence the mode of
diaphragm rupture in Fig. 7d differs from the other cases.
Stress relaxation time of 13 wt.% starch sirup at room tem-
perature is approximately 10−4 rad/s as shown in Fig. 5. This
non-Newtonian behavior also contributed to rupture Mylar
diaphragm. This created an obvious difference in the pres-
sure pattern and also images of fragment ejection between
Fig 7d and Figs. 7a–c.

The B transducer recorded the pressure decrease behind
the expansion wave in air and hence the diaphragm between
TS and AH exposed to such a low pressure continuously
bulged to rupture. Some time before the arrival of the sec-
ond decompression wave DW2 at the A transducer, the dia-
phragm between TS and AH ruptured very quickly as seen in
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Fig. 7 Views of fragmenting
13 wt.% starch sirup at different
times after the beginning of
pressure drop on the sample
bottom: a φ = 0.15, 324 K;
b φ = 0.25, 323 K; c φ = 0.14,
320 K; d φ = 0.15, 307 K;
e Schematic illustration showing
the fragmentation process
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Fig. 7a–d. As observed in the video images, the diaphragm
ruptures were so fast that pressures at the A transducer, expo-
sed to the second decompression wave, decreased much more
quicker than that DW1. The arrival time of DW2 is: 39.4 ms,
φ = 0.15, 324 K in Fig. 7a; 55.2 ms, φ = 0.25, 323 K in
Fig. 7b; 34.5 ms , φ = 0.14, 320 K in Fig. 7c; and 6.6 ms,
φ = 0.15, 307 K in Fig. 7d.

From video images it is clear that diaphragms do not rup-
ture consistently and hence the jet patterns of foam ejections
slightly differ from each other. Hence, the paths of pres-
sure histories cannot be identical. After the arrival of DW2
pressures decrease monotonously and the rates of pressure
reduction at their earlier stage are larger than those after the

arrival of DW1. This larger pressure reduction also includes
a contribution from the reflected expansion waves from the
top wall.

The frontal structure of expanding starch sirup foam
moved at nearly constant velocity and could be no longer
one-dimensional. The real flow situation in expanding foams
would be much more complex than analytical model. In addi-
tion to wave interactions, due to the presence of sidewall
boundary layers, flow velocity is a maximum at the cen-
ter axis. Consequently, the decompression rate was larger
in the center than near the wall, and hence bubble growth
and coalescence was more pronounced there than near the
wall. The bubbles in the central part swallowed neighboring
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Fig. 8 Flow front position versus for instantaneous decompression of
13 wt.% starch sirup foam at 307, 320, 323 and 324 K and void frac-
tion for 0.15, 0.14, 0.25 and 0.15, respectively. Black and white arrows
indicate the approximate time and position of the diaphragm rupturing
between TS and AH and flow front burst, respectively

ones, grew and caught up the interface. The separation
between bubble and the interface became thinner eventu-
ally to burst. Then, this generated the second decompression,
which triggered to make the bubbles near the wall expand.
Therefore, in real flows, dynamic processes of expansion
and resulting coalescence of bubbles are coupled with such
flows and, precisely speaking, the dynamics of fragmen-
tation would be much more complex than the model we
presented here. These effects are more clearly observable
than previous experiments in using other analog materials
[21–24].

The arrival time of DW3 is: 83.4 ms, φ = 0.15, 324 K
in Fig. 7a; 145.6 ms, φ = 0.25, 323 K in Fig. 7b; 92.5 ms,
φ = 0.14, 320 K in Fig. 7c; and 79.1 ms, φ = 0.15, 307
K in Fig. 7d. After the arrival of DW3, pressure decrease at
the A transducer position was about 0.5 MPa and eventually
reached to the plateau pressure. In Fig. 7a, a shock wave was
generated by the flow front disruption at 85 ms.

Fragmented particles were collected in DP. Third decom-
pression waves DW3 correspond to the flow front to burst.
After the ejection of foams’ major portion, the foam on TS
wall remained and was ejected.

In Fig. 8, time variations of foam front positions shown in
Fig. 7 are summarized. Abscissa designates time in ms and
ordinate the frontal position in mm.

In 87F1 Fig. 7a, 87E5 Fig 7b, frontal speeds were higher
immediately after the rupture of diaphragms between AH and
TS and then slightly attenuated, however, in 87J1 Fig. 7c, and
87J5 Fig. 7d, frontal speeds were nearly constant and slower.
This implies that the starch sirup foam strength was strong
enough to withstand higher pressure, in other words, it got
time of bubble expansion and coalescence. On the other hand,
decompressions in superheated liquids [6], GRA system [12]
and CO2 saturated water [8–11] show more rapid accelera-
tion of fragmented foam with constant acceleration regime
(∆ V ∝ t2). This represents the contribution of wall fric-
tion and shear stress in highly viscous starch sirup foams to
balance with the kinetic energy of starch sirup foam motions.

At lower temperature and relatively small void ratio, as
87J5 in Fig. 7d, the speed is lowest whereas in 87F1 Fig. 7a
and 87E5 Fig. 7b at higher temperature and relatively void
ratio, the front speed is much higher (0.65–0.88 m/s). Even
to temperature increment from 313 to 323 K, dynamic rigid-
ity increases from 106 to 107 Pa at = 10–103 rad/s. In other
word, in increasing dynamic rigidity up to 107 Pa, flow veloc-
ity decreased rapidly. According to Namiki and Manga [24],
at higher void ratio and pressure, bubbly magma moves faster.
However, 87E5 (= 0.25, 323 K) was slower than 87F1
(=0.15, 324 K). This contradiction would be attributable
to the lack of theoretical treatment for high visco-elatic bub-
bly flow, non-Newtonian behavior on shear viscosity, yield
strength etc. Within limited number of data, we may con-
clude that higher void ratio and lower temperature tends to
decrease foam frontal velocity.

3.4 Wave velocity

To clarify the effect of rapid decompression in 13, 15 and 30
wt.% starch sirup foams, we compare pressure histories in
these materials measured at A and B positions in using the
test section arrangement A as shown in Fig. 1. Figure 9a–d
show results: (a) 30 wt.%, φ = 0.31, 298 K starch sirup; (b)
30 wt%, φ = 0.06, 298 K; (c) 15 wt.%, φ = 0.27, 345 K;
and (d) 13 wt.%, φ = 0.23, 314 K. Abscissa denotes elapsed
time in ms and ordinate the pressure reduction in MPa. A solid
line and a dashed line show pressure signals measured by the
A and B transducers, respectively. As already mentioned in
Sect. 3.3, the following will be noticed during fragmentation.

T1 stands for the arrival time of decompression wave DW1
at the B transducer position caused by rupturing of the dia-
phragm between AH and DP. T2 is the arrival time of DW1 at
the A transducer position: (a) 332 ms; (b) 135 ms; (c) 700 ms;
and (d) 290 ms. T3 is the arrival time of decompression wave
DW2 caused by the rupture of the diaphragm between TS
and AH and measured by the B transducer: (a) 2.68 ms; (b)
3.40 ms; (c) 5.95 ms; and (d) 7.58 ms. After the arrival of
DW1, pressure decreases and increases to form a peak pres-
sure, which is a coalescence of reflected expansion waves
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Fig. 9 Pressure wave in a sirup
with water concentration of 30
wt.% and b 15 wt.%
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as already seen as a secondary shock wave in the pressure
profile at the B transducer in Fig. 7a–c.

T4 indicates the arrival time of DW2 at A, which is equiva-
lent to DW2 in Fig. 7a–d. T5 in Fig. 9c,d corresponds to the
arrival time of compression waves caused by the expanding
hollow in the flow direction with taking bubbles and mea-
sured at B. T6 corresponds to the arrival time of DW3 at the
A transducer position.

After the rapid decompression at B, pressures at A
decrease rapidly. In the case of 15 wt.% Fig. 9c and 13
wt.% Fig. 9d, the pressure at B is always lower than that
at A, because the foam structure changes much slowly than
stress wave propagation. In other words, there is a relaxation
between structural change and pressure variation.

From the time interval between T1 and T2, we can evaluate
averaged expansion waves velocity. However, in the experi-
ments using the arrangement B, we assume that the expan-
sion wave propagates in air in AH at 360 m/s. To estimate the
sound wave velocity in starch sirup foams of give void ratios,
we will compare measured results with two analytical pre-
dictions. One formula is valid to low viscous liquid without
dissipation [30].

The equivalent sound speed ce in gas/liquid media is given
by

ce =
[
[φρg + (1 − φ)ρl ]

(
φ

ρgc2
g

)
+

(
1 − φ

ρl c2
i

)]−1/2

(4)

where ρg and cg are density and sound speed in gas, ρl and
cl are density and sound speed in liquid, respectively, and φ

is a void ratio. Inserting cl = 1162 m/s, ρl = 1.37 g/cm3,
cg = 340 m/s ρg = 0.00125 g/cm3 and ce = 410 m/s into
(4), we have φ = 0.0006. This value is too small to compare
the abovementioned measured value of 0.27. A wave speed
in starch sirup foam is much higher than this two-component
prediction.

Ichihara et al. [31] presented analytical wave speed of a
visco-elastic liquid–bubble mixture:

cm =
⎡
⎣ ρm

Kω+ 4
3 φΓ µω

1−φΓ
+ 4

3µm

⎤
⎦

1/2

(5)

with

Γ = Kg − Kω

Kg + 4
3µω

×

∫ ∞
0 f (R) R3

1− ρl ω
2 R2

3Kg+4µω

dR

∫ ∞
0 f (R)R3dR

(6)

and

µm = µω

⎡
⎢⎢⎣1 − φ

1 − 2
15 (1 − φ)

(
3 + 2µω

Kω+ 4
3 µω

)
⎤
⎥⎥⎦ (7)

ρm = ρgφ + ρl(1 − φ) (8)

123



Analog experiment of magma fragmentation 381

where cm is the phase velocity, and bubble radii, bubble num-
ber density, the bulk modulus and the density of the gas in
the bubbles are represented by R, f (R), Kg , ρg , respectively.
The bulk modulus and rigidity of the visco-elastic liquid
are denoted as Kω and µω, respectively, which are complex
functions of frequency. The liquid density is ρl . Bubbles are
homogeneously distributed spheres of the same size with
bulk modulus Km , shear modulus µm , and density ρm . The
rigidity (µω) was estimated from master curves obtained by
time–temperature superposition theory as shown in Fig. 5.
We assumed that Kω = (φ/(P0 + 4/3µω))−1 and angular
frequency (ω) = 105 rad/s.

Table 2 shows the averaged propagation velocity of the
expansion wave in starch sirup foam and the abovementioned
two analytical predictions. Experimental and predicted veloc-
ities given by Eq. (5) tend to decrease as the void ratio
increase and rigidity (µω) decrease as shown in Table 2. Pre-
dicted values by Eq. (5) are smaller at least 30% than exper-
imental results. Such discrepancies were already reported
by Ichihara et al. [31] and are attributable to inadequacy of
the proposed visco-elastic liquid model. Unfortunately we
have no reliable dispersion relation yet for a visco-ealstic
liquid containing bubbles. Furthermore, we used the rigidity
(µω) of visco-elastic liquids measured by sinusoidal torsion
stress using rheometer at working frequency ranging from 1
to 100 Hz. By extrapolation based on the time-temperature
super-position theory described in Sect. 2.2, we estimated
the rigidity (µω) of starch sirup to be 100–1000 MPa at 105

rad/s. This value is somewhat smaller than the rigidity (µ∞)
of 700–960 MPa obtained by ultrasonic tests [31]. However,
agreement between predictions and experiments is poor, even
if we adopted rigidity value larger than listed in
Table 2.

3.5 Fragments

Fragments’ shapes vary very widely, depending on their water
concentration and temperature. Figure 10a shows fragment’
shape at 15 wt.% and 343 K recovered in DP. Very elongated
fragment shapes, which are more or less analog to Pele’s tears
and Pele’s hair [32] typically generated in the ejection of frag-
ments in magma with low viscosity, are obtained. At 10 wt.%
and 297 K, starch sirup fragments took slightly elongated
shapes containing gas bubbles and shaped flat or pointed
shards with smooth or conchoidal fractures. As shown in
Figs. 10b and 11, these shapes were dominating ones. These
were similar to fragments sampled volcanic explosions: elon-
gated blocky pumice and glass-like fragments (shards). The
grain size distribution among starch sirup fragments was rel-
atively accurately sorted, and exhibited a distinct uni-modal
as seen in Fig. 12.

The critical physical condition for fragmentation in both
ductile and brittle mechanisms is developed. In the case of
ductile mechanism, Proussevitch et al. [33] defined a critical
thickness of the films or plateau borders within the foam. In
the case of brittle mechanism, magma fragmentation occurs
when elongational strain in a mixture exceeds a critical value
[34,35]. In this experiment, firstly sirup fragments were
derived from the rupture of the frontal structure, which
accompanies the bubble growth and subsequent rupture in
the vicinity of the wall induced by the second decompres-
sion in the central part of the tube. Secondly, although nearly
impossible to visualize, the interaction of the resulting frag-
ments with high-speed flow must be examined.

In the first process, bubble coalescense and rupture play
an important role. As sirup foam expanded at constant rate
as seen in Fig. 8, the strain rate of sirup was nearly constant.

Table 2 Summary of pressure wave velocity measurements in starch sirup

Sample Water Void Temp. Initial Propagation Propagation Propagation Rigidity, Bulk
name content ratio (K) pressure velocity of velocity of velocity of µω modulus,

(wt.%) (MPa) Rarefaction wave pressure pressure (MPa) Kω

(m/s) (Exp.) wave (Eq. (5)) wave (Eq. (4)) (GPa)

N2 gas – – 297 1.7 360 − – − −
70K2 30 0.06 298 2.6 1019 1221 43 1000 23.40

70A1 30 0.27 297 2.6 436 − 23 − −
70K1 30 0.31 298 2.6 412 174 22 1000 4.35

85B4 15 0.27 345 2.6 343 138 22 100 0.42

87F1 13 0.15 324 2.6 456 262 28 80 0.75

87E5 13 0.25 323 2.6 343 191 23 80 0.43

87J1 13 0.14 320 2.6 520 156 29 80 0.77

87H2 13 0.23 314 2.6 472 66 24 90 0.41

87G5 13 0.14 304 2.1 − 315 29 300 1.34

87H1 13 0.17 300 2.6 695 278 26 300 1.34

87J5 13 0.15 307 2.6 709 529 30 1000 4.45
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Fig. 10 Fragmented starch sirup: a Thin strands of starch sirup (water
concentration of 15 wt.% at 343 K) which resemble Pele’s hair from
lava fountains, lava cascades, and vigorous lava flows and b fragments
of starch sirup (water concentration of 10 wt.% at 297 K) which are
similar to volcanic ash created during explosive eruptions by the shat-
tering of solid rocks and violent separation of magma (molten rock)
into tiny pieces

Fig. 11 Microscopic pictures of sirup particles. The tiny voids or
“holes” (vesicles) are observed
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Fig. 12 Grain size distribution from starch sirup of 10 wt.% frag-
mented by rapid decompression

Therefore, the strain-induced brittle failure theory [34,35]
is not applicable in this case, but the stress-induced [33]
or ductile fragmentation theory [36] can be applied to the
sirup foam fragmentation. However, shear-thinning viscos-
ity which decides the relaxation time of the fluid is ignored
in previous works. Considering shear-thinning viscosity of
sirup, because its relaxation time decrease as a strain rate
increases, brittle failure of sirup foam becomes hard to occur.
An adequate theoretical model has not been proposed yet, and
further investigations are required.

The second process was examined from the viewpoint of
liquid droplets shattering. In the present shock tube system,
the pressure ratio between TS and AH was 26. Hence if we
can apply a simple shock tube theory to 2.6 MPa of nitro-
gen as a driver gas and 0.1 MPa air as a test gas, we will
readily obtain shock Mach number approximately Ms=1.9
in AH and its speed is 650 m/s and hence the particle speed is
390 m/s, whereas observed fragment speeds range from 18 to
214 m/s.

It should be noticed that the abovementioned shock tube
theory is only applicable to ideal cases. In reality shock tube
diaphragms never rupture instantaneously without forming
debris fragments. In addition to this, during the shock for-
mation shock waves are accelerated for some short distance.
Hence the pressure ratio of 26 at a nitrogen/air combination
never creates shock Mach number 1.9. In our observations,
it can be about 1.5. If so, shock speed is about 510 m/s and
the particle speed can be 237 m/s.

However, the high pressure chamber consists of a nitrogen
and starch sirup foam mixture and hence Ms so far estab-
lished in AH would be much smaller that the expected value.
As a result of it, the observed fragment speed is close to the
predicted particle speed of 237 m/s.
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Nevertheless the starch sirup foam exposed to a high-
speed shock tube flow was accelerated, its volume was elon-
gated toward the axial direction with its movement, and then
its structure became coarser and coarser, and it was eventu-
ally fragmented. The interaction of the resulting fragments
with high-speed flow further promoted the deformation of
fragments.

The deformation and shattering of liquid droplets interact-
ing with high-speed flows or shock waves have been inten-
sively investigated from engineering points of view [37]. In
previous shock/droplet studies, however, liquid droplet mate-
rials under study are mostly industrially useful such as water,
liquid fuels, etc. These materials obviously are relatively low
viscosity liquids. Magma fragmentation exposed to a high-
speed flow is, therefore, one of the most special cases and
such situations rarely happened in industrial applications.

In the study of liquid droplets shattering or fragmenta-
tion, similarity parameters, Weber number We = ρu2 D/σ

and Reynolds number Re = ρu D/µ are traditionally used
to characterize flow dynamics, where ρ , u, D, σ and η are
gas density, gas particle velocity, droplet diameter, surface
tension and viscosity of liquid [37]. For low viscous liquid
droplets with We of, for example, 100, the typical deforma-
tion pattern is the so-called stripping type shattering, which
effectively promoting further fragmentation [37]. However,
the We/Re defined for magma in motion is several orders
of magnitude smaller than that for water, because of much
larger viscosity rather than surface tension. Viscosity contrib-
utes to flow characteristics and surface tension contributes to
dynamic deformation. If one will discuss the dynamic pro-
cess of magma fragmentation, it may worth to define We of
starch sirup fragments.

The shattering mode of small We droplet belongs to oscil-
latory shattering or gradual deformation. In addition to the
Weber and Reynolds numbers effect or dynamic similarity
of liquid droplet shattering, the liquid droplets are quenched
during their free flight and hence the surface tension may
have little or no influence on the final droplet sizes. Further-
more, We number of droplets decreases while its shattering.
However, it is not well discussed whether or not deformation
of magma droplet, obviously with very small We, can follow
the dynamic shattering process. Can the existing theory of
flow induced droplet shattering be applied to flow induced
magma fragmentation? However, in real volcanic eruptions,
magma fragments, in the extreme case, produce abundance of
volcanic ash lofted in volcanic plume, which would travel for
a very long distance. Some of solid fragments would clearly
show re-crystallization of magma constituent during their
quenching carried by flows in a magma conduit or lofted
in volcanic plume. It is not the mechanism of ash genera-
tion. Were the volcanic ash produced as a by-product of the
shattering magma fragments in a similar fashion to droplets
shattering?

It is not yet studied that how far we can simulate real
magma fragmentation by performing laboratory scale exper-
iments. How shattering processes go on over droplets in terms
of We. Exposition of magma fragments high-speed flows and
high temperature for not sub-second but even longer may still
be governed by unsteady gas dynamic laws. So far observ-
ing in our analog experiments, starch sirup fragments were
driven strongly affected by carrier gas effects.

However, the number of data we examined is not plenty
enough, it can not be decisive to conclude the uni-modal size
distributions typical for magma fragments from vulcanian
eruptions may result from fragmentation by rapid decom-
pression of a lava plug. In contrast, poli-modal size distribu-
tion observable in Plinian eruptions may reflect a complex
history of fragmentation in which various physical parame-
ters ignored in the analog experiments contributed simul-
taneously [38]. However in previous studies experiments
based real magma or porous solids [18–21] also showed
the uni-modal size distributions and the fragmentation pro-
cess was characterized by plate-like fragments generated by
fracturing that occurs through planes normal to the direc-
tion of the decompression. In the present experiment, starch
sirup foams fragmentation produced bulky particles. Bub-
bles’ rapid expansion generated a local high-speed deforma-
tion over highly viscous starch sirup foams whose
viscosity is equal to dacite or rhyolite. The present exper-
iment in highly viscous starch sirup of dynamic viscosity
∼ 1012 Pa s could reproduce the visco-elastic response to
rapid decompression which was a fundamental feature of
magma fragmentation.

4 Concluding remarks

To simulate magma fragmentation, we designed and con-
structed a facility based on a vertical shock tube in which
we produced starch sirup foams with various void ratios for
alternative of foamy magma exposed to expansion waves.
We studied rheological properties of starch sirup foams in
detail. Results obtained are summarized as following:

(1) Averaged rarefaction wave velocities of starch sirup
foams are much higher than theoretical model without
dissipation.

(2) Hydrodynamic fragmentation was observed in starch
sirup foams of 15 wt.%.

(3) In starch sirup foam less than 15 wt.%, both brittle and
hydrodynamic fragmentations occurred in the temper-
ature range from 298 to 343 K when the rapid decom-
pression from 2.6 to 0.1 MPa was loaded.

(4) Upon decompression at relatively high temperature,
near-spherical and fibrous starch sirup fragments were

123



384 H. Yamamoto et al.

generated. The shapes of fragments are analogous to
Pele’s tears, Pele’s hair which were typically observable
in eruptions of relatively low viscous magma. At rela-
tively low temperature, in contrast, flakes, porous, poly-
hedral and pointed shards with smooth or conchoidal
fracture were dominant, which are similar to volcanic
ash created in explosive volcanic eruptions.
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