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Abstract—The influence of the diffusion zone width (parameter χ), which bounds the nucleation
process in the nucleus neighborhood, on the dynamics of magma melt state at the initial stage of ex-
plosive eruption is numerically analyzed in the context of the Iordanskii–Kogarko–van Vijngaarden
model of multiphase media. It is shown that in the region of 5 ÷ 50, the value of χ does not affect the
time of forming the front of the zone of magma saturation with nuclei, but determines their maximum
density, which decreases by three orders of magnitude, from 51010 to 8107 m−3, as the parameter
χ grows by one order of magnitude. The most considerable losses of gas dissolved in magma are
observed for χ = 5 and, consequently, as soon as 100 ms later after the beginning of decompression,
there appear zones behind the wavefront, where the melt viscosity grows to hundreds of thousand
Pa·s. Under the restriction of diffusion to bubbles, the decompression wave has a classical profile
that is slightly perturbed by the front of saturation zone. However, in spite of the fact that the density
of the number of nuclei in the cavitating magma upon removing the restriction of gas diffusion into
bubbles remains the same as in the case of restriction, the effect of diffusion of additional mass of
gas into bubbles changes radically the wavefield structure. Substantially increasing gas pressure
in the bubbles due to diffusion with the melt viscosity growing by several orders of magnitude,
which prevents bubble growth, changes appreciably the dynamics of the main characteristics of the
cavitating magma state.
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INTRODUCTION

The phase transition with homogeneous nucleation of cavitation nuclei, diffusion of dissolved
gas from magma melt, crystallization and growth of viscosity by orders of magnitude during wave
decompression of over-compressed melt at explosive volcanic eruptions determine, in principle, the
versatility and large scale of effects accompanying eruptions whose nature still remains insufficiently
comprehended. It is extremely difficult to separate some processes from the whole complex of these
effects and try to elucidate their role and influence because they are interdependent. From this viewpoint,
introduction of the notion of a diffusion layer [1], which surrounds the cavitation nucleus in which the
nucleation of other nuclei is substantially bounded, has appeared to be of principle.

MATHEMATICAL MODEL

The flow of the magma melt cavitating behind the decompression wave front in the gravitational field
is considered in the context of a mathematical model that includes the system of conservation laws for
mean pressure p, mass velocity u, and density ρ:
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The latter equation describes the state of the liquid component whose density ρl is represented via the
mean medium density ρ and the volume concentration of the gas phase ρ = ρl(1 − k) [2]. The system
is closed by kinetics equations that are governing in the physical statement of the problem on analyzing
the magma state dynamics [2]:

the bubble nucleation rate

J = exp
{
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}
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,

the volume concentration of gas phase
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the Rayleigh equation for radii of cavitation bubbles R(t):
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the diffusion equation:
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the equation of dynamics of volume fraction κ of arising cavitation nuclei:
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numbers. We should note that the nucleation rate J = J∗ exp(−W∗/kBT ), where
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√
σ
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,

ng is the number of potential nucleation centers, Vg and dg are the volume of gas molecules and the
mean distance between them, D is the diffusion coefficient, and W∗ = 16πσ3/3Δp2 is the work of
formation of critical nuclei. The kinetics is supplemented by introducing a model of diffusion layers in
the neighborhood of cavitation nuclei, which are considered as local sources of increasing gas mass
contained in the nuclei due to its diffusion from the melt (Fig. 1) [1].

In essence, based on the obvious physical fact of dissolved gas diffusion (behind the decompression
wave front) from magma, it becomes possible to divide, by the order of magnitude, the diffusion flow
from magma into two flows: one of them is responsible only for saturation of magma with nuclei (from
zones outside the diffusion layers) and the other is primarily sent to the cavitation bubbles, increasing
the gas mass in them. In this connection, the kinetics equations are supplemented with the nucleation
termination condition XD → 1—the diffusion layers overlap the entire space of the calculation region

(3) (Fig. 1), here, XD = 1 − exp
(
−

τ∫
0

J(t′) · VD(t − t′)dt′
)

, VD = (4π/3)(χ3 − 1)R3 is the diffusion

layer volume; the parameter χ = rd/R, where rd and R are radii of the diffusion layer and the nucleus,
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Fig. 1. A scheme of homogeneous nucleation includes the cavitation nucleus (1)–diffusion layer (2) system, (3)—
nucleation zone.

respectively; notions of the saturation zone front and the density of zone saturation with cavitation
nuclei, Nb, which is determined by the nucleation rate J(t) and the dynamics of diffusion layer volume,

Nb =
τ∫
0

J(t′)(1 − XD(t′))dt′.

The change of the parameter χ = rd/R makes it possible “to specify” the distribution of diffusion
flows and fix by the order of magnitude the value of finite density of melt saturated with cavitation nuclei,
Nb, correlating these data with the estimate of the order of density of the number of potential cavitation
nuclei, 1027 m−3, in the melt (according to the data on mass concentration of dissolved gas) and with
the estimate of their finite number by the density of pores in lava samples, 1010–12 m−3.

Boundary conditions: At the free boundary p = p0, at the boundary with the magma chamber
p = pch, the initial pressure along the magma column is distributed by hydrostatics.

Initial parameters: ρ = 2300 kg/m3, σ = 0.076 J/m2, ng ≈ 1027 m−3, Dmag ≈ 10−11 m2/s, μ∗ =
10−2.5 Pa·s, E∗

μ = 5.1 · 10−19 J, kμ = 11, H = 1 km, pch = 170 MPa, T = 1150◦ K, and ν0 = μ0/ρ0 ≈
102 m2/s.

Results of Modeling

Numerical analysis of the wavefield structure dynamics, the cavitation zone formation, and the main
characteristics of melt state was carried out in the context of statement of the problem on discontinuity
decay at the boundary of magma compressed at high pressure–lava plug–channel open to atmosphere.
As the dome is destroyed, a decompression wave propagates downward along the column of magma
melt (the initial height H = 1 km) in the direction of the volcano site; its structure is formed during
development of nucleation processes in the melt saturated with dissolved gas. Initial conditions in the
volcano site: the pressure pch = 170 MPa, temperature T = 1150 K, initial density of magma melt
ρ0 = 2300 kg/m3, and initial value of the weight concentration of dissolved gas, C0 = 5.7%. It is easy to
obtain the key parameters along the column, taking into account the gravity force. The flow of initially
fixed magma begins to form behind the decompression wave front.

Numerical analysis has shown that not only the density of cavitation zone saturation with cavitation
nuclei, but also (as it has turned out) the initial jumps of “averaged” radii of cavitation nuclei behind the
saturation front depend on the prescribed width of diffusion layer. According to the data of numerical
analysis (see Table 1), as the diffusion layer thickness grows in the interval χ = 5 ÷ 50, the density
of zone saturation with cavitation nuclei, Nb, is reduced by three orders of magnitude (the data are

JOURNAL OF ENGINEERING THERMOPHYSICS Vol. 20 No. 4 2011



FORMATION OF A SATURATION WAVE FRONT 347

Table 1.

χ 5 10 50

Nb, m−3 5 · 1010 5 · 109 8 · 107

Table 2.

χ = 5 t ms 23 24 25 26 27 28 29

Nb, m−3 10−7 ÷ 1 10−3 ÷ 1 1 ÷ 3 1 ÷ 8 · 103 1 ÷ 106 1 ÷ 5 · 108 1 ÷ 5 · 1010

χ = 10 t, ms 23 24 25 > 25 > 27 28 29

Nb , m−3 10−7 ÷ 1 0 ÷ 1 1 ÷ 102 1 ÷ 103 1 ÷ 108 1 ÷ 5 · 108 1 ÷ 5 · 109

χ = 50 t, ms 23 24 25 26 27 >27 28

Nb, m−3 10−7 ÷ 1 10−3 ÷ 1 1 ÷ 20 1 ÷ 104 1 ÷ 3 · 106 1 ÷ 107 1 ÷ 8 · 107

presented to an accuracy of one order). The initial “averaged” sizes of nuclei in the zone in the vicinity of
the free surface, within the given interval χ, differ by one order of magnitude and are approximately 10.6
and 1 μm for χ = 5, 10, and 50, respectively.

Gas diffusion into the formed nuclei is restricted. In the context of the considered unstationary
problem on the state of magma and the wavefield structure, the problem on the dynamics of magma
saturation with nuclei behind the decompression wavefront is of particular interest. We will dwell on the
case when diffusion of gas dissolved in magma from the diffusion layer into “native” cavitation nuclei
(after their formation) is restricted. This allows one to estimate the role of the diffusion processes in
dynamics of state of magma and cavitation bubbles. Let us consider the dynamics of state for χ = 5.
Note, although the nucleation rate J grows exponentially as the decompression wavefront is formed, its
value is practically unessential at the initial stage of zone saturation with nuclei, although the exponent
index changes proportionally to the squared ratio of pressure at the volcano site, pch, to interval of
pressure drop, Δp, in the decompression wavefront. In this connection, the calculation of the nucleation
process began from the time when the pressure in the front dropped by 60 MPa. Exactly at this moment,
(22–23 ms later after discontinuity decay) for the gas dissolved in the melt, the oversaturation condition
was abruptly “initiated” and the diffusion process started.

Table 2 represents data on the dynamics of the density of cavitation nuclei saturation of the zone
situated in the neighborhood of the free magma surface. Here, for three values of χ, the top line contains
instants of time, and the lower line contains the corresponding interval of the density of zone saturation
with nuclei. We should note that for the entire range of χ = 5÷ 50, the saturation practically stops at an
instant of about 29–30 ms later after beginning of the discontinuity decay reaching the maximum values
listed in Table 1. Note, since the nuclei saturation zone grows constantly as the decompression wavefront
moves forward, in Table 2 we listed intervals of Nb values that are most typical for the zone. It is easily
seen that the front of saturation “wave” represents an abruptly increasing exponential function and is
formed practically during the last 1–2 ms. Meanwhile, the calculation shows that the time of forming
the saturation front does not practically depend on the parameter χ, as well as the “restriction” of gas
diffusion into bubbles. Removal of the restriction on the diffusion flow into bubbles does not practically
change this magma decompression characteristic.

Table 3 contains data on the dynamics of distribution behind the nuclei saturation wavefront for the
mass rate U , viscosity μ, radii of cavitation bubbles Rb, and dissolved gas concentration in the melt. It
is seen that practically for all the characteristics this dynamics is quite unessential. The mass rate range
has not practically changed, the maximum value of viscosity, despite the exponential character of the
distribution, has increased three times.

Actually, the same is characteristic for the dynamics of bubble radii distribution. The loss of the
dissolved gas in the melt, which was consumed only on formation of cavitation nuclei according to the
accepted condition, is about 0.003. Figure 2 illustrates the distribution of these characteristics by the
time t = 0.1 s.
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Fig. 2. Distribution behind the saturation wave front Nb in the melt for mass rate, viscosity, radii of cavitation bubbles,
and loss of dissolved gas in the melt.

Table 3.

χ = 5 t, s 0.05 0.06 0.07 0.078 0.087 0.093 0.1

U , m/s 15 ÷ 35 15 ÷ 35 16 ÷ 37.5 17 ÷ 38 17 ÷ 39 17 ÷ 39 17 ÷ 39

μ, Pa·s 4000 ÷ 5250 4000 ÷ 6125 4000 ÷ 7500 4000 ÷ 9000 4000 ÷ 12000 4000 ÷ 14000 4000 ÷ 17000

Rb, μm 9 ÷ 21 9 ÷ 28.25 9 ÷ 36.3 9 ÷ 42 8 ÷ 46 8 ÷ 48 8 ÷ 50

cp · 100 5.2 ÷ 5.125 5.2 ÷ 5.05 5.2 ÷ 5.05 5.2 ÷ 5.05 5.2 ÷ 4.95 5.2 ÷ 4.90 5.2 ÷ 4.90

Table 4.

χ = 5 t, s 0.05 0.06 0.07 0.078 0.082 0.091 0.1

U , m/s 25 ÷ 57 25 ÷ 85 25 ÷ 115 25 ÷ 130 25 ÷ 145 25 ÷ 160 25 ÷ 170

μ, Pa·s 4200 ÷ 6600 4200 ÷ 8500 3500 ÷ 18200 3000 ÷ 31200 3000 ÷ 43000 3000 ÷ 88000 3000 ÷ 190000

Rb, μm 25 ÷ 135 25 ÷ 145 25 ÷ 160 25 ÷ 165

cp · 100 5.2 ÷ 4.8 5.2 ÷ 4.7 5.2 ÷ 4.55 5.2 ÷ 4.4

Dynamics of Distribution of the Key Parameters of Magma State in the Saturation Zone

The dynamics of distribution of the state parameters (viscosity μ, mass velocity U , dissolved gas
concentration cp, and bubble radii Rb in the cavitating magma) should evidently be considered in
complete formulation taking into account all diffusion processes. Table 4 represents data on the
distributions μ(z), U(z), cp(z), and Rb(z) in the cavitating magma behind the front of the formed zone of
saturation with cavitation nuclei. The table contains lower (in the neighborhood of the front) and upper
(in the neighborhood of the free surface of magma column) values of the corresponding parameters,
whose distribution along the saturation zone is obviously exponential (Fig. 3). We should note that in the
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Fig. 3. Distribution of viscosity, mass rate, bubble sizes, and concentration of gas dissolved in magma in the saturation
zone at t = 0.1 s.

Table 5.

χ = 10 t, s 0.075 0.08 0.09 0.1

U , m/s 25 ÷ 75 25 ÷ 82 25 ÷ 100 25 ÷ 115

μ, Pa·s 3700÷ 6500 3700 ÷ 7200 3500 ÷ 8500 3500÷ 12000

R, μm 20 ÷ 180 20 ÷ 200 20 ÷ 230 25 ÷ 270

cp · 100 5.2 ÷ 5.0 5.2 ÷ 5.0

given time interval t = 0.05÷ 0.1 s, the depth of the formed saturation zone has increased approximately
from 50 to 125 m. As it follows from Table 4, along the saturation zone we observe substantially growing
gradient of values of the listed parameters.

By the time t = 0.1 s, in the neighborhood of the free surface, the mass rate in the decompression
wave has grown from 57 to 170 m/s, the melt viscosity has increased from 6000 to 190000 Pa·s, the
radii of cavitation bubbles have reached 165 μm, and the loss of gas in magma has reached 0.008 (by
magma weight), (Fig. 3). On plots in Fig. 3, zones from 100 to 800 m, which “have not been disturbed”
by the decompression wave, are eliminated.

Numerical analysis showed (Table 5) that as the parameter χ had increased two times, during the
same time interval the melt viscosity increased merely to 12000 Pa·s, the mass rate grew to 115 m/s,
the loss of dissolved gas in magma reduced to 0.002, and the maximum radius of cavitation bubbles
exceeded 279 μm. Further increase of χ, as the calculation for χ = 50 has shown, is senseless because
a considerable mass of the gas diffused from the melt goes into bubbles whose radius even by the time
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Fig. 4. Profiles of decompression wave front p(z) and mass rate U(z): t = 0.25 (a) diffusion into bubbles is restricted;
t = 0.33 (b) complete diffusion process.

t = 1 s near the surface reaches 600 μm, and the density of the number of nuclei in the cavitation zone
becomes much less than the data on porosity of lava samples.

CONCLUSIONS

We investigated the influence of the diffusion zone width (parameter χ), which bounds the nucleation
process in the neighborhood of the nucleus, on the dynamics of magma melt state at the initial stage
of explosive eruption. It was shown that in the range χ = 5 ÷ 50: (a) the value of χ has no influence on
the time of formation of the front of zone of magma saturation with cavitation nuclei, but determines the
maximum value of their density that decreases by three orders of magnitude, from 51010 to 8107 m−3,
as the parameter χ grows; (b) as χ grows, the dynamics of distribution of the key parameters of magma
state behind the saturation zone front: that of viscosity, mass rate, bubble size, and concentration of
gas dissolved in magma, changes drastically; (c) for χ = 5, we observe the most significant loss of gas
dissolved in magma, as a result, even 100 ms later after the beginning of decompression, behind the
wavefront appear zones where the melt viscosity increases to hundreds of thousand Pa·s.

Numerical analysis has made it possible to reveal the radical difference in the decompression wave
structure formed both when the diffusion flow into cavitating magma bubbles is considered and re-
stricted. As Fig. 4 shows, when the diffusion to bubbles is restricted (Fig. 4a), the wave of decompression
p(z) has a classical profile that is slightly perturbed by the saturation zone front. However, despite the
fact that the density of the number of nuclei in the cavitating magma upon removing the restriction on
gas diffusion into bubbles remains the same as under the restriction, the effect of diffusion of additional
gas mass to the bubbles changes radically the wavefield structure and the mass rate profile (Fig. 4b).
Substantial increase of the gas pressure in the bubbles due to diffusion and as a result of the restricting
factor of bubble growth by orders of magnitude by the growing melt viscosity changes drastically the
dynamics of the key parameters that determine the state of cavitating magma.
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