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Abstract The paper offers a short survey of experimental
results on simulation of processes of explosive volcano erup-
tions, based on the method of hydrodynamic pulse shock
tubes. The experiments show that the development of cavita-
tion in the magma under the effect of decompression waves
is characterized by the formation of bubbly clusters and their
transformation into a system of arbitrary distributed slugs as
a result of bubble coalescence. As a consequence, the magma
flow turns out to be stratified into a system of vertical jets of
spatial form, which then disintegrate into individual frag-
ments. An unsteady multiphase mathematical model is cre-
ated to study the dynamics of the magma state at the initial
stage of the explosive eruption. This model takes into account
nucleation and diffusive processes, gravity, and dynamically
changing viscosity. The results of numerical studies per-
formed within the framework of this model showed that the
magma state in 6–7 s (after the beginning of decompres-
sion) is characterized by the flow glass transition, if the pro-
cesses of bubble coalescence are ignored. The flow includes
“frozen-in” 0.3-mm-thick bubbles, and the magma viscosity
increases by 6–7 orders in the degassing process.
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1 Introduction

1.1 Classification, signs of the explosive eruption,
and magma fragmentation

It is well known that the magma generated deep inside the
Earth contains large amounts of SiO2 and dissolved water.
The high pressure keeps the gas dissolved in the magma.
When the magma moves upward along a conduit, however,
the pressure decreases, the gas leaves the solution and forms
a separate gas phase (bubbles). Bubbles continue to grow
in size as the pressure decreases, and the magma becomes
a two-phase mixture. When the bubbly magma reaches the
Earth’s surface, it inflates, accelerates, and acquires a foam-
like structure. As it was noted by Woods, [1], if the magma
has a high viscosity, then the gas will not be able to expand
easily, and thus, the gas pressure in the bubbles will increase.
In a foamy magma, the liquid films around the bubbles break
down (explode) as soon as the tensile stresses exceed their
strength.

Explosive bursting of bubbles leads to magma fragmenta-
tion into liquid clots, which cool down as they move through
the air. These solid clots become tephra (called blocks and
bombs) or volcanic ash (sand-sized). Blocks are believed to
be angular fragments that were solid when ejected, while
bombs have an aerodynamic shape indicating that they were
liquid when ejected. This occurs when the volume of bubbles
reaches approximately 75% of the total volume of the magma
column. The magma fragmentation efficiency is controlled
by such factors as overpressure, temperature, vesicularity,
and phenocryst and microlite content.

The first classification of volcanic systems was proposed at
the end of the nineteenth century. It included (a) quiet volca-
noes (which produce flowing lava), (b) explosive volcanoes,
and (c) intermediate volcanoes (violent eruptions followed

123



452 V. Kedrinskiy

by lava flows). According to this classification, explosive
volcanoes are formed when the magma becomes sufficiently
cooled to produce a lava plug blocking a crater. When the
pressure in the conduit reaches a value sufficient to destroy
the plug, the hot gas and the magma explode out of the
volcano. Later on, Lacroix (1908) extended the notion of
explosive eruptions (EE) on the basis of their intensity:
Hawaiian (rarely, explosive eruption), Strombolian (moder-
ate), Plinian/Vulcanian (strong), and Pelean (greatest) volca-
noes.

Explosive eruptions are assumed to be favored by high gas
content and high viscosity of the magma. Andesitic (52–63%
silica) and rhyolitic (more than 63% silica) magmas are most
often associated with volcanic eruptions, because their high
viscosity (resistance to the flow) makes it difficult for the
dissolved volcanic gases to escape, except for under extreme
pressures, which leads to an explosive behavior. Specifically,
the viscosity of the rhyolitic magma is 106–108 times the
water viscosity (10−3 Pa s).

Gonnermann and Manga (on the basis of volcanic materi-
als collected at California’s Big Glass Mountain) [2] assumed
that explosive volcanism may not be an inevitable conse-
quence of magma fragmentation. They assumed that magma
fragmentation can occur deep within volcanoes without trig-
gering an explosive eruption. When the fluid moves in a pipe,
friction makes the fluid flow more slowly near the walls of
the pipe than in the middle. This is the so-called “boundary
effect.” Similarly, in molten rock flowing through the throat
of a volcano, the shear forces due to friction, which tend to
rip apart the material, reach the highest values near the rocky
walls of the conduit. According to [2], under high pressures
deep inside the volcano, the magma can be repeatedly torn
into fragments by such forces and then squeezed together
again.

1.2 Lab-experiments and artificial magma

The problem of explosive volcanoes is similar to the “black-
box” problem. Its “entrance” (the magma state in the volca-
nic chamber) is more-or-less known, and the “exit” (volcanic
eruption) was studied in detail as far as the currently avail-
able methods allow one to do it. The main question to be
answered is the dynamics of the magma state in the volcanic
channel under the action of decompression waves. The pro-
cesses developing in the magma during the eruption are very
sophisticated, comprehensive, and multi-scale phenomena.
Investigation of these phenomena in progress is an extremely
difficult problem. Therefore, laboratory simulations, as it
was noted by Gilbert and Sparks [3], become an important
element of research and allows finding answers to some
questions, for instance, how the magma transforms to a multi-
phase medium and what the mechanism of magma fragmen-
tation and eruption is.

Manga et al. [4] performed experiments with a viscous
material called xanthan gum, a thickener found in such
food items as yogurt, pudding, and salad dressing. They
used an eggbeater to whip up various slurries of xanthan
gum, placed the bubble-rich blends in clear tubes, sealed
the ends, and applied pressure. As they could see from
high-speed videotapes, when the pressure was suddenly
released, the size of the bubbles did not influence the
character of subsequent eruption (explosive or effusive). The
potential energy stored in the bubbles (equivalent to
the total volume of bubbles in the mixture multiplied by
the extra pressure applied to the mixture in the chamber),
however, affected the expansion rate of the suddenly depres-
surized fluid.

In other experiments, Taddeucci et al. [5] used a toy called
Silly Putty as a magma substitute. They saturated the material
with an inert gas (argon) under pressure in a closed chamber
and then they released the pressure. When the bubbles formed
and expanded rapidly, the Putty fractured in an explosive
nanoeruption. Once the gas escaped, however, the Putty frac-
tured began to restore. The same processes probably occur
during volcanic eruptions and determine whether the erup-
tion is explosive or effusive.

Mader [6] performed a series of model experiments on
magma fragmentation using arrangements, such as a hydro-
dynamic shock tube (HDST) of the Glass-type [7]. A solu-
tion of a “gum resin–acetone” mixture was used. It is one
of magmatic melt analogs selected because of dynamically
changing viscosity of the magmatic melt under the action of
decompression waves. Mader managed to observe processes
of both flow fragmentation in “the ST channel” and sample
crystallization.

Lab tests are not restricted to artificial magma. Taddeucci
et al. [8] also used reheated samples of the volcanic mate-
rial that had been flung from Mount Etna in Italy during its
explosive eruptions in the summer of 2001. The samples col-
lected by the researchers included rocks 40 cm across that had
landed 450 m from the volcano’s vent. When the pressure was
suddenly released from rock samples, which had been pres-
surized to 50 atm or more, the material fractured. It could be
concluded that the pressure in the magma during the Mount
Etna eruption could not be higher than 50 atm: otherwise, the
rocks would not have remained intact. However, the pressure
in the magma had to be at least 25 atm to make the samples
fly so far from the vent. Therefore, one can assume that the
pressure inside the erupting volcano must have been between
25 and 50 atm.

1.3 Theoretical models and simulation problems

It can be noted that simulations of volcanic eruptions both
on analogs, such as xanthan gum or gum–resin–acetone, and
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tests on actual volcanic materials provided data useful for the
development of computer models of eruptions. At the same
time, as Johnson et al. [9] noted, most models ignore details of
“fiendishly” complicated parameters, such as, for example,
changes in the magma viscosity as a function of temperature.
In an explosive eruption, for instance, the fragmentation front
(a narrow zone where the bubbles blow a rapidly ascending
molten rock into ash particles) remains at a particular depth
in the volcano throat. The episodic eruption, in which the
volcano alternates between extended periods of quiescence
and bursts of explosive activity, is slightly more complicated.
It is interesting how the pressure in the magma increases and
what happens in the volcano’s magma tube during that qui-
escent interval. In [10], Rust et al. developed a model that
offers answers to those questions.

According to Sahagian [11], however, many models do a
good job of simulating certain types of eruptions. They note
that the similarities among different models of volcanoes are
important factors affecting eruptions. Future experimenta-
tion and analysis should be focused on these factors. First,
we need to understand better how the magma flows during
bubble growth and how it behaves immediately before it is
blown to fragments during the eruption. Second, volcanoes
are often modeled as long tubes that lead from an under-
ground magma chamber to a single crater atop a symmetrical
cone. Rather often, however, a conduit leads to a branching
network of mountaintop vents. It is important to know details
of the inner structure of the mountain, which could help to
create more-realistic models. Third, the origin of gas bub-
bles that ultimately drive volcanic eruptions has to be inves-
tigated. Sahagian emphasized [11] that, though the amount
of dissolved gases in the magma is one of the most important
factors in determining whether any particular eruption will
be a Mount St. Helen-size boom or a Kilauean burst, scien-
tists know little about the formation of gas bubbles inside the
molten rock.

2 Initial state and mechanics of eruptions: classification
by hydrodynamic features

The analysis of information published so far allows us to
generalize the data on explosive eruptions, based on some
common features, which characterize both the pre-eruption
states of some volcanic systems and the mechanics of
their eruptions from the viewpoint of multiphase high-speed
hydrodynamics.

2.1 HDST-type models

According to the video data recorded by US geophysicists,
the process of St. Helen volcano eruption (1980) was initi-
ated by a huge landslide. As a result, the volcano vent turned
out to be opened. In about 15 s after the landslide motion
began, the magma explosively expanded in a directed blast.
A few seconds later, a series of consecutive lateral explosive
eruptions followed along the landslide motion trace on a cone
surface. Then, as it was assumed in [12], following a prompt
explosive response to decompression, a dome will grow in
the next years, gradually restoring the pre-collapse condition
inside the magma column.

Apparently, the scheme of this eruption presented by
Eichelberger et al. [12] does not very accurately reproduce
the eruption process features (registered on the video).
Judging by these features, one can assume the existence of
several types of the St. Helen mountain inner structure: a sys-
tem of channels connected with several mountaintop vents
(a), a single conduit (b) [12] (Fig. 1) and a dike system around
the magma chamber (c) [13]. In the first case, the vents are
consecutively opening as a result of the landslide motion
down the mountain slope. In this case, however, we could
expect the formation of a dome chain on this slope after the
eruption, which was not observed on the video. Another real
case was described by Hill and Pollitz [13], where the upper

Fig. 1 Volcano architecture
with a system of ramified
channels; simplified scheme of
pre-eruption state of St Helen
volcano with landslide zone,
[12]
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crustal magma chamber had a system of dikes. The latter are
potential sources capable of initiating the growth of existent
(in the crust) cracks under high pressure in the chamber and a
decrease in pressure from the side of upper layers of the crust,
as a result of huge landslide going off. Such cracks filled by
the compressed magma can operate as sprayers if they find an
opportunity to open up to the surface of the mountain slope.
When the pressure in the magma chamber drops during the
eruption, the cracks can collapse.

According to the main scheme, [12], the post-eruption
volcanic state can be described by the following scheme: a
recharged volcanic chamber and a tube filled by the com-
pressed magma, a dome—lava plug blocking the crater, and
a free crater at atmospheric pressure. Such a scheme is basi-
cally similar to the classical hydrodynamic shock tube
(HDST) scheme proposed by Glass and Heuckroth in [7].
The HDST is a long tube including a high-pressure chamber,
a dividing diaphragm, and a low-pressure chamber. Each of
the chambers could be used as a research section, depend-
ing on the problem to be studied. In a classical HDST, this
role is played by the low-pressure chamber, which is filled
by the examined liquid, and the high-pressure chamber is
filled by the gas. When the diaphragm is broken, a rarefac-
tion (decompression) wave propagates into the compressed
gas, and a shock wave propagates into the examined liquid.
If the high-pressure chamber is used as the research section
to study the dynamics of the state of the compressed liquid
under the action of the rarefaction wave, the low-pressure
chamber is filled by the gas at atmospheric pressure or lower,
as it was done by Mader in [6]. A new HDST scheme was
proposed by Vorotnikova, Kedrinskii, and Soloukhin in [14],
which allows both a strong shock (up to 103 MPa) and rare-
faction waves to be generated in the liquid for studying such
phenomena as relaxation processes in chemical reactions in
solutions and cavitation processes in the liquid under strong
tensile stresses.

The structure of the pre-eruption state for the above-
mentioned systems contains the following elements: (1) a
volcanic chamber and a tube that represents the high-pressure
chamber filled by the compressed magma, a plug as a dia-
phragm trapping the hot gas and the magma under the ground
between infrequent eruptions, and a crater as an open (to the
atmosphere) low-pressure chamber; (2) a system of distrib-
uted volcanic channels; (3) a system of dikes and cracks.
Mechanics of the eruption of such systems: the pressure in
the volcanic chamber (and the tube) becomes high enough
to blow out explosively the obstructions (like plugs) or to
form dynamically opening channels (cracks) erupting the
clouds of ashes, pumice (instantaneously cooled magma con-
taining multitude pores), as well as bread-crust bombs and
blocks. Models: the processes can be considered within the
framework of the hydrodynamic shock tube method (HDST
method) for a single high-pressure channel or a net of such

channels and for narrow, dynamically opening high-pressure
channels.

Mechanics of eruption processes for the so-called open
explosive volcanic system (OEVS) described above (see,
e.g., [1]) differs from the above-mentioned systems of the
HDST-type by decompression velocities. The OEVS are
characterized by slow and gradual decompression of the
magma rising with mass velocity to the Earth surface in a
volcano channel and changing its state from one-phase to
foam-like one. Near the Earth’s surface, the liquid films sur-
rounding the bubbles in the magmatic foam explode, and the
destroyed magma is ejected through the volcanic vent. But
in the HDST-type systems, the process is initiated by the
decompression wave. This wave has a precursor with oscil-
lating structure and rather steep front which propagates with
the speed of sound inside the originally stationary magma
column. The precursor initiates a cavitation development in
a magma the state of which becomes two-phase one. The
main wave propagates in a two-phase medium with much
lesser characteristic of speed. As for to the OEVS, in princi-
ple, we can also consider its eruption within the framework
of the HDST model if the compressed magma is assumed to
be unloaded with very slow (mass) velocities.

Erebus is one of the rear open volcanic systems, which
allows an experimental study of the dynamics of its near-
vent eruption [15]. According to the data obtained by the
Doppler-radar method, the exploding gas bubbles do not
oscillate prior to bursting. In all cases observed, they rapidly
expanded and exploded in the last phase when they reached
the free surface. This shows that oscillatory eruption models
are not applicable to the so-called strombolian systems that
are similar to Erebus.

2.2 “Shallow-explosion”-type models

The “magma (lava)–water interactions” form the basis of
mechanics of the class of volcanic eruptions known as Tephra
Jets/Blasts eruptions. The structure of the pre-eruption state
of Blast volcanoes is formed as a result of magma and ground-
water interactions when the lava lake partly fills the crater and
destroys its walls. The lake level drops below the groundwa-
ter table, and the lava delta completely collapses, forming a
plug (system of rock fragments) blocking the crater. Mechan-
ics of Blasts eruptions: the groundwater comes into contact
with the magma, the steam pressure increases, the plug is
destroyed, and there follows explosive ejection with magma
clots and pre-exiting fragments of rock. Model: the eruption
can be considered as an explosion of a strongly compressed
mixture “steam–magma clots” under the plug (a system of
rock fragments).

Similar processes are observed in the case of Littoral lava
fountains formed as a result of lava and seawater interac-
tions. The pre-eruption state of such systems is determined
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by a partial fracture and collapse of solidified rocks around
the active lava tubes, which allows seawater to seep into the
tube system. Mechanics of eruption: seawater mixes with the
lava within a confined lava tube, and the pressure in the tube
increases and becomes high enough to cause explosions that
blast a hole through the roof of the tube. This type of the lava-
seawater explosion produces fountains of molten lava, steam,
bombs and smaller tephra fragments that reach heights of
more than 100 m [16]. Model: “shallow underground explo-
sion” of the mixture in a lava tube located close to the ground
surface.

In the case of Kilauea’s pre-1924 explosive eruptions (the
data of the US Geological Survey), the lava was assumed to
be so deep that it was below the water table, allowing ground
waters to seep in and to form a lake. Mechanics of eruption:
when the magma erupted into the water lake, explosions of
steam ejected extremely hot ash-laden steam clouds out of
the crater. Model: a strongly compressed mixture “steam +
magma destroyed into tiny ash particles” plays the role of an
explosive mixture, and the eruption process can be consid-
ered as a “shallow underwater explosion.”

According to the hydrodynamic signs of the processes
described above, two classifications of explosive eruptions
can be proposed.

I. Volcanic systems of the HDST type.
Pre-eruption state: a volcanic system includes a high-
pressure chamber filled by the magma, a blocking plug
(diaphragm), and a decompression chamber (the open
part of the volcanic tube and/or crater).
Eruption mechanics: fast decompression of the magma
by the decompression wave.

II. Volcanic systems of the “Shallow-Explosion” type.
Pre-eruption state: an ash-laden steam mixture under
high pressure as “explosive” is formed as a result of
“lava-water” interactions.
Eruption mechanics: shallow underground/lava/water
“explosions.”

The present paper deals with simulation problems associ-
ated with the first classification of explosive eruptions. Exper-
imental investigations and mathematical models will be con-
sidered within the framework of HDST schemes.

3 Shock-tube method: experimental simulation

As was noted above, [3], laboratory experiments to model
volcanic flow dynamics and, in particular, shock-tube (ST)
experiments are, without doubt, an important component of
research of the mechanics of magma fragmentation induced
by pulsed decompression waves. These processes are yet
rather far from being fully understood, and the main pref-
erence practically exclusively is given to the mechanism of
cavitation breakdown of the magma. The simplest examples
are the volcano and eruption models developed by Dobran
[17] (Fig. 2; Dobran’s scheme, DbS), which can be regarded
as an analog of the HDST scheme if the volcanic chamber
and the tube filled by the compressed magma (maybe partly)
are considered as a high-pressure chamber blocked by a plug
(dome). The question is whether experimental approaches to
simulation of the magma state dynamics, such as the DbS
scheme (HDST-type scheme), are able to confirm the idea of
such mechanics of fragmentation.

After plug breakdown, a decompression wave begins to
propagate into the magma, which decompresses and moves
upward to a crater along a free (from magma) part of the
tube or is ejected to the crater and, then, to the atmosphere.
The pressure drop triggers the processes of nucleation, bub-
bly cavitation, dissolved gas diffusion, and magma transition
from the bubbly state to the foam type, which ends with frag-
mentation (Fig. 2, DbS). We can say that the foam breakdown
is the final stage of inversion of the two-phase magma state:
its transition from the cavitating to the ash-gas state. Similar
inversion was described by the author in [18], based on the
results of experimental research of liquid fracture mechan-
ics under shock wave loading. Thus, from the viewpoint of

Fig. 2 From the left to the right: Dobran’s scheme (DbS), hydrodynamic shock tube (2dHDST), shock tube of the Glass type (1dGST), and
electromagnetic shock tube (EMST)
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simulating processes, the magmatic tube filled by the magma
changing its state under the effect of the decompression wave
plays the role of a “research section” for a volcanic system.

It could be noted that the HDST method works well in
solving lab-simulation problems of explosive systems. Three
different HDST types were applied in attempts to understand
the features of cavitation development in the magma under
the effect of the decompression wave and magma
fragmentation mechanics: a two-diaphragm cylindrical ST
(2dHDST), an ST of the Glass type (1dGST), and an elec-
tromagnetic HDST (EMST) (Fig. 2).

3.1 Two-diaphragm cylindrical ST (Fig. 2, 2dHDST)

This scheme is based on the method of consecutive “shock
wave–rarefaction wave” loading and allows dynamic simula-
tions of both the pre-eruption state of the compressed magma
and the dynamics of its state under decompression. The sam-
ple studied (3) was located in an open duralumin cylindrical
tube (with wall thickness of 1 mm) and had a free surface. The
shock wave (SW) was generated in the sample by a piston, p,
impact on the upper diaphragm, d2, separating the vacuum
channel (6) from the liquid sample. The SW parameters were
measured by a pressure gauge (7). The piston velocity was
registered by a fiber-optic gauge (8). The piston was accel-
erated in the vacuum channel by a compressed gas of the
high-pressure chamber (5) after diaphragm, d1, breakdown.
The SW propagated along the sample and compressed the lat-
ter: the pre-eruption state of the compressed “magma” was
modeled. Then, the SW reflected from the free surface of the
sample as a rarefaction wave, which propagated downward
and decompressed the sample. 2dHDST was equipped with
a system of a pulse X-ray apparatus (1), which generated
70-ns flashes (150–200 keV each) triggered in series with
given time delays. Practically instant states of the sample
were recorded on the X-ray films (2).

A sample of distilled water was used as a magma ana-
log because of the important feature of its undisturbed state.
According to the results of the experimental studies, obtained

on the basis of measurements carried out by light scatter-
ing, electron-optical, and ST methods, distilled water is a
multiphase medium containing numerous micro-inhomoge-
neities: up to 1012 m−3 of microbubbles, microparticles, and
their conglomerates [19,20]. These data turned out to be close
in order to the pore density in magma pumice samples.

Figure 3 shows the typical dynamics of cavitation devel-
opment in a liquid sample loaded by an SW as a consecutive
series of X-ray frames (70 ns exposure time for each frame).
The frames are computer versions of X-ray negatives. The
time interval between the frames is 200ms, the first one cor-
responding to the instant t = 0 ms, when the front of the
incident SW reaches the free surface of the sample. It seems
that the series of frames confirms the description of the cav-
itation development dynamics suggested by Dobran, [17],
up to the stage when the cavitating sample transforms to the
foam-type state, at least, for the initial stage of the eruption.
The resolution of the cavitation zone structure seems to be
fairly good.

To verify this fact, a special scheme of X-ray data pro-
cessing was used for the frame at t = 800 ms (Fig. 3) to
produce its axi-symmetric computer reconstruction. As the
comparison of reconstructed and primary images (*) shows,
the sample cavitation structure turns out to be nonuniform:
in its center and in the vicinity of the tube walls, there are
large zones of extremely low density (in Fig. 3, the black and
white zones correspond to water and air densities, respec-
tively). A natural question arises: How does this feature of
the flow structure influence the fragmentation mechanics and
what is its nature? Obviously, the primary requirement for
answering these questions is considering slower cavitation
processes and longer time intervals for their development
within the HDST model. An ST of the Glass type is more
appropriate for such experimental investigations.

3.2 ST of the Glass type

This scheme (Fig. 2, 1dGST) looks like the scheme used by
Mader [6] and includes a high-pressure chamber 2 (reservoir)

Fig. 3 Dynamics of cavitation development, 200ms time interval between X-ray frames; scheme of three-dimensional reconstruction and sample
structure at 800ms
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equipped with heating systems 5 and gas saturation of the
liquid under pressure 6, a dividing valve 3, and a research
chamber in the form of a narrow (open to atmosphere) trans-
parent channel of rectangular shape 4. Distilled water and
various viscous solutions were used as liquid samples 1. The
equipment included an optical recording device consisting
of a delay system and an optical flash illuminator with an
exposure of about 1 ms, which provided the fine resolution
of the flow structure at various times and frame scanning of
the process.

Figure 4, a1−c shows the dynamics of the structure of the
erupted flow outside channel 4 (Fig. 2, 1dGST) for two types
of viscous liquids with viscosities µ ≈ 0.2 Pa s at T = 19◦C
(frames a1–b2) and µ ≈ 2.6 Pa s at T = 42◦C (frame c). The
frames a1, a2 for t1 and b1, b2 for t2 > t1 show the general
view of the eruption (a1, b1) and zoomed-in images of the
flow segments near the channel exit (a2, b2). Comparing the
results of [17,18] with the data in Fig. 4, we can conclude
that a transition from a cavitating liquid to a foam structure
is observed at the initial stage of the breakdown in samples
of both distilled water and liquids whose viscosity is higher
by several orders of magnitude.

Note, a comparison of the general views of the flow struc-
tures at various times (see Fig. 4, a1 and b1) allows us to draw
only a general conclusion on the mere fact of the breakdown
dynamics during the eruption. An increase in scale and a
micro-second exposure made it possible to resolve the fine
flow structure in its segments near the channel exit. The struc-
ture turned out to change significantly with time (see a2 for
t1 and b2 for t2. A clear foam structure is observed at t1 (see
a2), while the flow at t2 is stratified into a system of ver-
tical jets having a spatial shape (see b2). If the viscosity is
further increased by an order of magnitude (µ ≈ 2.6 Pa s at
T = 42◦C), the flow turns out to be almost completely strat-
ified and acquires a more distinct jet structure (see Fig. 4c).

A probable reason for this effect was found in studies
of the eruption structure arising when you open a reservoir
fully filled by a liquid saturated by a pressurized gas. The

eruption processes in this case are similar to the extrusive
eruption of a degassed liquid from the reservoir to the chan-
nel. Typical results obtained for the distilled water sample
(µ = 0.001 Pa s) are shown in Fig. 4 as frame scanning at
times of 10, 20, 30 and 50 ms. It is easily seen that the flow
in a low-velocity (extrusive) eruption is characterized by a
dynamically changing structure. At 10 ms, the flow has a
rather uniform foam structure; some fragmentation of the
flow can be observed at 20 ms; at 30 and 50 ms, the flow
structure is transformed into an inhomogeneous mixture of
buoyant dense bubble clusters and gas-droplet slugs formed
as a result of bubble coalescence in the clusters. A similar
phenomenon can occur in a magmatic melt under decompres-
sion at the initial stage of the volcano eruption. Correspond-
ingly, the further development of the “bubbly-gas droplet
slug” regime in the magma may be expected to tend to flow
stratification, as it was shown above in experimental sim-
ulations. It means that the compressed liquid fragmentation
under decompression can develop according to different sce-
narios including cases when Dobran’s model does not work.

Taking into account that a real liquid (such as distilled
water, for example) contains about 106 cm−3 micro-inhomo-
geneities, [19], we can use small liquid volumes as samples.
For instance, a liquid drop with a radius of 0.5 cm has approx-
imately 105 potential centers of nucleation. This means that
volumes of such samples can be considered as character-
istic elements of the medium studied with all correspond-
ing features. Thus, the scale of the processes (but not the
processes themselves) is changed. Such an approach, how-
ever, requires the development of a specific source for gen-
eration of ultra-short shock waves whose length should not
exceed the drop size. Electromagnetic shock tubes meet these
requirements.

3.3 Electromagnetic ST, (Fig. 2, EMST)

The EMST allows microsecond-range shock waves (up to
15.0–20.0 MPa amplitude) to be generated in the sample

Fig. 4 Flow stratification for two solutions with different viscosities: µ ≈ 0.2 Pa s at T = 19◦C—frames a1, a2, b1, b2, and µ ≈ 2.6 Pa s at
T = 42◦C—frame c; slug-flow formation in the time interval t = 10 ÷ 50 ms
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Fig. 5 Initial stage of
cavitation development in a drop
(0–70ms); general view of the
drop structure (dome-shaped)
and its fragment (from left part)
at 1,500ms

being examined. Thus, liquid drops up to tens or hundreds
of microliters in volume can be used as liquid samples to
study the dynamics of their state under rarefaction waves in
more detail. The EMST is equipped with an optical record-
ing device including a high-voltage lamp-flash and a laser
flash with exposure times, of 1 ms and 3 ns, respectively.
A high-speed HSFC camera (frequency up to 3 × 109 fr/s)
provides records of the flow structure at various times and
frame scanning of the process. A shock wave in the drop
lying on a conducting diaphragm is produced by a magnetic-
field pulse generated under the diaphragm by the discharge
of a high-voltage capacitor bank onto a helical coil S (Fig. 2,
EMST).

The initial stage of cavitation development with forma-
tion of bubble clusters in a water drop approximately 1 cm in
diameter and the drop structure at the late stage of breakdown
are shown in Fig. 5 [21].

Propagating over the drop, the shock wave generated on
the “diaphragm–drop” interface propagates into the drop,
compresses the drop, and then reflects from its free surface
as a rarefaction wave. The latter propagates through the com-
pressed drop and unloads it, ensuring rapid decompression.
It is seen (Fig. 5) that numerous bubbly clusters are formed
inside the drop, occupying practically the entire drop volume
by 70ms. In 1,500ms, the drop is transformed and takes the
form of a cellular dome. The frame with “1,500ms” shows
a zoomed-in segment from the left side of the cellular dome
shown in the previous frame.

A transparent sealed cylindrical shell placed above the
diaphragm allows one to study the liquid breakdown under
reduced initial pressure (approximately up to 0.01 MPa).
Such a method was applied for studying the structure and
characteristic times of viscous drop breakdown. Under these
conditions, the process turned out to be comparable with the
data for a water drop. Figure 6 shows the dynamics of the
structure of a viscous drop (µ ≈ 0.2 Pa s) with the same

characteristic size (≈1 cm in diameter) for t = 200, 700,
and 1,500 ms after shock-wave initiation. The experimental
studies show that the mechanism of transformation of a liq-
uid drop into a dome-shaped structure of the cellular type is
determined by the system of superficial and internal bubble
clusters forming at the initial stage of the breakdown process.

This process was studied numerically by Davydov [22] in
an axi-symmetric representation within the framework of a
combination math-model. The latter includes the two-phase
mathematical model of Iordansky–Kogarko–van Wijngaar-
den (IKW model) and the model of a “frozen” field of mass
velocities (FF model). The IKW model allows one to calcu-
late the initial stage of cavitation development and the mass
velocity field. Tensile stresses (in rarefaction waves) decrease
in the cavitation zone. When their magnitude drops approxi-
mately by an order or more, the field of mass velocities in the
zone becomes completely stabilized, and then the FF model
can be applied. Figure 7 shows the details of this process.
In 14ms, the bubbles in the cavitation zone reach a visible
size (≈0.01 cm). This frame also shows the distribution of
pressure, radii of cavitation bubbles, and mass velocities. In
40.5ms, a dense bubbly cluster in the central drop begins to
form. Then, in 145 ms, the entire central area of the drop
becomes almost completely occupied by a large gas-droplet
zone.

Thus, the mechanics of transformation of a hemispherical
drop to a dome-shaped structure is explained by the so-called
internal “cavitative explosion” as a result of development of
a dense cloud of cavitation bubbles inside the cluster and
formation of a rapidly growing gas-droplet zone (slug).

Interesting results were observed on the dynamic of break-
down of a drop of a gum–resin–acetone (GRA) solution
[23]. This process is characterized by fast crystallization of
gum–resin and by a dynamically increasing viscosity of the
solution as a result of vaporization of acetone behind the rar-
efaction-wave front. Possessing such properties, this solution

Fig. 6 Fracture of a viscous
drop under ultra-short SW
loading: emergence of a cellular
structure of a “boiling” drop
(200 ms) and dome formation
(700–1,500ms)
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Fig. 7 Numerical results for an axisymmetric problem of the drop-structure dynamics: pressure, bubble radii, and mass velocity distributions
inside the drop by 14ms; formation of a dome structure (40.5–145ms)

Fig. 8 Fracture of an acetone drop under ultra-short SW loading: emergence of numerous jet “eruptions” (1 ms); jet character of fragmentation of
a gum–resin–acetone (GRA) drop

can be used as an analog of the magma melt. Figure 8 shows
that the dynamic breakdown of pure acetone drop is char-
acterized by the formation of a system of superficial bubbly
clusters (100ms) and by numerous vertical jets arising, obvi-
ously, as a result of “blowing up” of the clusters (1.0 ms).
The jets are later broken into fine droplets.

Two frames in Fig. 8 (at 2 and 5 ms) demonstrate the late
stages of GRA-drop fracture. It is clear that the fracture has a
jet character and the fracture mechanism corresponds to the
flow stratification effect discussed above (see Fig. 4).

Magmatic bomb ejection, experimental simulation. As
was mentioned above, some types of volcanic eruptions are
accompanied by powerful ejection of magmatic “bombs.”
Sometimes (as in the Hawaiian type of eruptions), they are
characterized by a peculiar combinative structure–simulta-
neous ejection of both lava and bombs. In the intervals
between eruptions, the magma in the chamber and conduit
is expected to be a strongly crystallized melt, in which spon-
taneous formation of crystalline clusters and zones of glass
transition are possible. This state can be considered as a meta-
stable one. An example of such a state is presented in Fig. 8
(last frame) as a microstructural sample of the GRA solution,
where glass-transition zones, microcrystals, and their cluster
(about 50mm in diameter) can be seen.

As a result of intense nucleation under sudden decom-
pression, a crystallized magma flow in the conduit can be
considered as a three-phase system consisting of a liquid
magma, bubbly regions, and crystalline and glassy clusters
(probably, with internal cavitation zones). The dynamics of
three-phase magma breakdown was simulated using mix-
tures of solid particles (1–3 mm in size) of an arbitrary shape
with different solutions. Mixtures of particles both with a
water-glycerol (“w-p”) solution and with a gum–resin–ace-
tone (“gra-p”) solution were used as experimental analogs
of a three-phase magma (Fig. 9). According to experimen-
tal data for both mixtures, solid particles were ejected with
much higher velocities than the main flow; these particles
formed their own flux, which was almost independent of the
cavitating liquid phase. Thus, in the case of breakdown of a
drop of a water-glycerol-particle mixture, the particles leave
the drop in 0.4 ms, the drop begins to gain a cellular structure,
and the particles gather on the drop surface. In 1.5 ms, the
particles practically form their own flow above the cellular
dome (Fig. 9). In the case of the GRA particle solution, the
drop in the time interval 0.5 ÷ 2.0 ms is separated into the
jet and particle flows (Fig. 9). The particles are connected
with the main two-phase flow only by thin liquid jets at these
stages of the breakdown process.
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Fig. 9 Breakdown and separation of “liquid-particle” mixtures due to SW loading of drops: for a “water-particles” mixture, 0.4 and 1.5 ms, and
for a “gum–resin–acetone-particles” mixture, 0.5, 1.2, and 2 ms

4 Multi-phase model of magma state dynamics

Volcano eruptions are unique natural phenomena which are
obviously determined by the dynamics of the initial state of
the magma melt under decompression waves, as well as by
the phase transformation kinetics changing its properties and
cavitation development. Among many publications dealing
with this issue, one can note [24–28] where attempts to sim-
ulate the eruption dynamics in the general formulation were
made. Various papers include consideration of some pro-
cesses that accompany the eruption. These are papers on the
growth dynamics of a single bubble in a viscous gas-saturated
melt [29–31], and associated thermal effects [32], mechanism
of magma solidification under decompression [33,34], etc.
Nevertheless, despite significant efforts undertaken, there are
still many issues that require special consideration and sim-
ulations within the framework of multiphase mechanics.

4.1 Multiphase math-model

A scheme similar to the HDST is considered. A vertical col-
umn of a gas-saturated magma melt of height H in the gravity
field is adjacent to the magma chamber at the bottom, occu-
pies part of the volcano channel (conduit), and is separated
by a diaphragm from the ambient medium on the top (the
atmospheric pressure is denoted by p0). A z axis directed
vertically upward with the origin at the column–chamber
interface is introduced. The initial pressure distribution in
the column–chamber system with allowance for hydrostat-
ics is determined by the relation pi (z) = pch − ρ0gz, where
ρ0 is the magma density and pch is the pressure at z = 0 (in
the magma chamber).

We assume that the gas dissolved in the magma has ini-
tially an equilibrium concentration Ceq whose dependence
on pressure p is determined by Henry’s law. For water dis-
solved in the magma melt, this dependence has the form [35]

Ceq(p) = KH
√

p,

where KH is Henry’s constant. Correspondingly, the depen-
dence of the initial concentration Ci of the gas dissolved in
the magma on the z coordinate is determined by the relation
Ci (z) = Ceq(pi (z)).

At the initial time (t = 0), the diaphragm confining the
melt is broken, the surface z = H becomes free, and a rar-
efaction wave starts propagating vertically downward in the
magma. It is considered that the pressure in the magma cham-
ber (at the boundary z = 0) is retained constant during the
entire process. The gas dissolved in the magma turns out to
be supersaturated behind the wave front. The latter results
in spontaneous nucleation and growth of gas bubbles in the
melt volume. As it was noted above, there is the probability
that the precursor can also excite the nucleation process.

The conservation laws describing the dynamics of a vis-
cous liquid containing gas bubbles are described by a one-
dimensional system of equations for the averaged velocity
v, density ρ, and pressure p at a variable viscosity of the
medium µ:

∂ρ

∂t
+ ∂(ρv)

∂z
= 0;

∂v

∂t
+ v

∂v

∂z
= − 1

ρ

∂p

∂z
− g + 1

ρ

∂

∂z

(
µ

∂v

∂z

)
.

This system must be supplemented:

− by the Tait equation of state [36] and by the definition of
the magma melt viscosity [37,38]

p = p0 + ρ c2

n

{(
ρ

ρ0(1 − k)

)n

− 1

}
,

µ = µ∗ exp {Eµ(C)/(kBT )}

− by the definition of the frequency of homogeneous
spontaneous nucleation and by the Rayleigh equation
describing the dynamics of a single bubble in a viscous
liquid
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J = J ∗ exp (−W∗/(kBT )),

R R̈ + (3/2)Ṙ2 = ρ−1(pg − p) + 4νR−1 Ṙ,

− by the equations of state of the gas in the bubble (the gas
is assumed to be ideal) and of the gas diffusion in the melt

(4/3)pg R3 = (mg/M)kBT,

dmg

dt
= 4π R2ρD

(
dC

dr

)
R

= 4π RρD(Ci − Ceq(pg)),

where the density of the liquid component is expressed
from the equation of state of a two-phase mixture via
its average density and volume concentration of the gas
phase k; Eµ(C) = E∗

µ(1−kµC) is the activation energy
and E∗

µ is the activation energy for the “dry” melt, kµ is
the empirical coefficient, µ∗ is the preexponent, and kB is
the Boltzmann constant.

W∗ = 16πσ 3/(3∆p2) is the work spent on the forma-
tion of a critical nucleus in the homogeneous process, J ∗ =
(2n2

gVg D/dg)(σ/kBT ))1/2 is the preexponent [30], σ is the
surface tension on the melt–gas interface, ng is the number
of potential nucleation centers per unit volume of the melt,
which is assumed to be equal to the number of molecules of
the gas dissolved in the melt, D is the diffusion coefficient of
the gas in the melt, Vg is the volume of the gas molecule, dg

is the mean distance between the neighboring gas molecules
in the melt, and ∆p = ps − p is the difference between the
saturation pressure ps(C) of the dissolved gas and the cur-
rent pressure p. The value of ∆p can be expressed in terms
of melt supersaturation ∆C = C − Ceq(p) with the use of
Henry’s law.

4.2 Diffusive layer model and density of cavitation nuclei

The gas concentration in the melt decreases with approach-
ing the growing bubble, i.e., a diffusion boundary layer is

formed around the bubble (Fig. 10, domain 2). Because of
the strong dependence of the nucleation frequency on the
supersaturation, we can assume in the first approximation that
the nucleation of bubbles occurs only outside the diffusion
layer (domain 3 in Fig. 10), and the nucleation frequency in
this domain can be assumed to be equal to the frequency far
from the bubble. Though nucleation of new bubbles (Fig. 10,
domain 1) inside the diffusion layer is possible, but it does not
make any significant contribution to the global gas-release
process, because the nucleation frequency in this domain is
substantially lower than outside it. The diffusion-layer thick-
ness rD was determined from the condition J (rD)/J (r →
∞) = 1/10. Substituting the dependence for the nucleation
frequency and taking into account the decreasing amount of
the gas dissolved in the melt, we obtain

rD/R = 64πσ 3/(3kBT (pi − p)2(1 + √
p/pi ) ln 10).

The information given above allows one to modify the
solution obtained in [39], as applied to gas-release kinetics.
By analogy between the crystallite volume and the volume
of the diffusion layer around a single bubble, we have

X D(t) = 1 − exp

⎛
⎝−

t∫
0

J (τ ) vD(t − τ) dτ

⎞
⎠, (1)

where XD is the total volume of diffusion layers around
the bubbles per unit volume of the melt and, if α = 64π

σ 3/(3kBT (pi − p)2(1+√
p/pi ) ln 10), vD = (4π/3)(α3−

1)R3 is the volume of the diffusion layer around a single
bubble.

Then, the number of bubbles Nb formed in a unit volume
during the time t is

Nb(t) =
t∫

0

J (τ ) (1 − X D(τ )) dτ. (2)

It follows from relations (1) and (2) that bubble nucle-
ation is terminated when the diffusion layers of the grow-
ing bubbles completely cover the entire volume (X D → 1).

Fig. 10 Model of spontaneous
nucleation with simultaneous
growing of the diffusion zone:
(1) bubble, (2) diffusion layer,
(3) nucleation region;
dependences of the gas
concentration (C) and
nucleation frequency (J ) on the
coordinate r
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According to the estimates [40], the specific time of nucle-
ation is significantly smaller than the time of the entire gas-
release process, i.e., the main mass of the gas is released at
the stage of diffusion growth of the bubbles formed.

Knowing the dependence of the number of bubbles formed
in the magma on time and their growth rate, we can find the
volume fraction κ of bubbles generated in a unit volume of
the melt:

κ = 4π

3

t∫
0

Ṅb(τ )R3(t − τ) dτ. (3)

Taking into account that the volume of the medium increases
in the course of bubble growth, we obtain the relation k =
κ/(1 + κ).

4.3 Dimensionless form of the total system of conservation
laws and kinetics relations

Now, the system of conservation laws can be written in
the following dimensionless variables (marked by the tilde):
ρ̃ = ρ/ρ0, µ̃ = µ/µ0, p̃ = p/p0, z̃ = z/z0, ṽ = v/v0,
t̃ = t/t0 where t0 = z0/v0, R̃ = R/z0, p̃g = pg/p0,
m̃g = mg/m0 where m0 = (4π/3)ρ0z3

0, and J̃ = J/J0. Here
µ0 = µ∗ exp {Eµ(Ci (pch))/(kBT )} is the initial viscosity of
the magma at z = 0, J0 = J ∗ exp−G is the characteris-
tic nucleation frequency, and G = 16πσ 3/(3p2

chkBT ) is the
Gibbs number. Thus, the equations of magma state dynamics
are

∂ρ̃

∂ t̃
+ ∂(ρ̃ṽ)

∂ z̃
= 0,

∂ṽ

∂ t̃
+ ṽ

∂ṽ

∂ z̃
= −Eu

ρ̃

∂ p̃

∂ z̃
− 1

Fr
+ 1

Re

1

ρ̃

∂

∂ z̃

(
µ̃

∂ṽ

∂ z̃

)
,

(4)

µ̃ = exp
E∗

µkµ(Ci (pch) − C)

kBT
,

p̃ = 1 + c̃2

n

{(
ρ̃

1 − k

)n

− 1

}
,

(5)

dT̃

dt̃
= Ku

dX

dt̃
− Ku′(4π/3)Nbz3

0
dm̃g

dt̃
, (6)

where Eu = p0/(ρ0v
2
0) is the Euler number, Fr = v0/(gt0) is

the Froude number, Re = z0v0/ν0 is the Reynolds number,
and ν0 = µ0/ρ0. If we assume that v0 = (p0/ρ0)

1/2, z0 =
p0/(ρ0g), and t0 = (1/g)(p0/ρ0)

1/2, the Euler and Froude
numbers become equal to unity, and the Reynolds number
takes the form Re = (p0/ρ0)

3/2/(ν0g). K u = L/cm T0,
and K u′ = rd/cm T0 are the Kutateladze crystallization and
desorption numbers, L is the heat of crystallization, rd is the
heat of desorption [33], cm is the heat capacity of the magma,
and m0 = (4π/3)ρ0z3

0.

The equations of bubble nucleation and growth kinetics
as well as crystallization of the melt are

kgas = κ/(1 + κ), (7)

κ = 4π

3
J0z3

0t0

t̃∫
0

J̃ (τ̃ )R̃3(t̃ − τ̃ )

× exp

⎧⎨
⎩−

4π

3
J0z3

0t0(α
3−1)

τ̃∫
0

J̃ (τ̃ ′)R̃3(τ̃ −τ̃ ′) dτ̃ ′
⎫⎬
⎭ dτ̃ ,

(8)

J̃ = exp {−G[( p̃ch/∆ p̃)2 − 1]},

R̃ ¨̃R + 3

2
˙̃R2 = Eu

ρ̃
( p̃g − p̃) + 4ν̃

Re

˙̃R
R̃

, (9)

1

3
Re PrD

dm̃g

dt̃
= R̃(Ci − Ceq( p̃g)),

p̃g R̃3 = (ρ0/p0)(m̃g/M)kBT . (10)

kcryst = (1 − κ)(4π/3)Ncrv
3
0,cr t3

0

⎛
⎝

t∫
0

vcrdτ

⎞
⎠

3

;

vcr = ∆T̃ . (11)

Here PrD ≡ Sh = ν0/D is the Prandtl (Sherwood) number;
as in the momentum equation, Eu = 1 in the Rayleigh equa-
tion. Here ∆T is the supercooling of the melt, vcr is the veloc-
ity of crystal growth, kcryst is the volumetric concentration of
the crystals, and Ncr is the number of crystals in a unit volume
which was given and determined on the base of some physi-
cal reasons. The constructed system of equations completely
determines the state dynamics of three-phase magma-melt
at the passage of rarefaction-wave over the magma column
in the gravity field. For simplicity, all calculation results are
presented in dimensional variables.

5 Calculation Results

Initial stage, Nb, R. Under the decompression wave the
magmatic melt saturation by the cavitation nuclei develops
with rather high velocity: their density Nb increases from 10
up to maximum (1010 m−3) magnitude during ≈0.007 s and
the function Nb(z) has a stepwise shape. The distribution
of bubble sizes ranges from 4 × 10−9 above the chamber
to 10−7 m in the vicinity of the free surface of the magma
column. According to the calculation results, two stages of
bubble growth can be distinguished. In the initial stage the
bubble growth restrained by viscous tension forces is
described by Rayleigh equation but its effect decreases rap-
idly according as the melt viscosity is increasing. Then the
diffusive mechanism begins to play main role when the
bubble-growth dynamics is determined only by the diffusion
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Fig. 11 Distributions of
viscosity ν, volumetric
concentrations of the gas k and
crystalline phases χ for t = 2
(1), 3.8 (2), and 6.1 s (3)

gas flow from the supersaturated melt to the bubble. This
stage is described by the root dependence of the bubble size
on time [28].

Value dynamics of kgas, µ, and kcryst. The distribution of
viscosity as well as the concentration of the gas and the crys-
talline phases in the magma flow are presented for three time
instants: t = 2 (1), 3.8 (2), and 6.1 s (3). Note that, due to
the intense development of the bubble cavitation, the column
length increases and, according to the calculation data, by
the end of the process calculated, it attains a value of 1.5 km
(Fig. 11). To compare the dynamics of the behavior of the
distribution of the characteristics mentioned above, the lower
boundaries of the column are aligned for all three instants.

The calculations demonstrated that, by the time t = 6.1 s,
the pressure distribution within the magma column becomes
practically steady: a sharp drop over the first 600 m (above
the chamber) and a relatively low gradient over the next
600–700 m. In the distribution of viscosity, which increases
by six orders of magnitude, as well as the concentration of
the gas and crystalline phases, to the point, the same zones
are distinguished. By the time t = 6.1 s, the volume concen-
tration of the gas phase in the range between 700 and 1,300 m
equals nearly 40%, while the corresponding value near the
free surface is 50–60% (Fig. 11), which corresponds to dense
packing of the bubbles. The relative volume of crystallites
within the interval 500–1,300 m reaches approximately 25%
of the volume of the three-phase magmatic melt. According
to the calculations, approximately 6 s after the beginning of
decompression, the glass transition process in the three-phase

magma with “frozen-in” 0.3-mm-thick bubbles almost ends
on a considerable portion of the column. Then the magma
structure turns out to be close (in its parameters) to the struc-
ture of real pumice [34,35].

6 Conclusions

The results of experimental simulations presented above
show that the magma fragmentation mechanism can be deter-
mined by slug system formation as the result of bubble coa-
lescence in bubbly clusters and following stratification of the
flow into a system of vertical jets of a spatial shape. The model
of the three-phase pre-eruption magma state was simulated
using a “liquid-solid particle” mixture. Lab-experiments
show that the particles are ejected from the main flow and
form a separate flow moving with a significantly higher veloc-
ity. A full system of equations was proposed to study the
problems of magma state dynamics under the effect of a rar-
efaction wave passing over the magma-melt column in the
gravity field. Numerical studies show that the magma viscos-
ity in the degassing processes grows up by 6–7 orders, and
its state is characterized by the glass-transition process and
by the formation of a layer (in the interval of 700 ÷ 1, 400 m
along the z axis) of 0.3-mm-thick bubbles “frozen” into the
magma melt.
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