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Explosive volcanism is one of the most catastrophic phenomena on the earth. The dynamics of eruption clouds in explosive

volcanic eruptions are governed by turbulent flow; the amount of entrained air due to turbulent mixing affects total height of

eruption column and the intensity of turbulence controls tephra dispersion in the atmosphere and resultant tephra-fall deposits.

In order to investigate features of turbulent flow in the eruption cloud and its effect on the tephra dispersion, we are develop-

ing a numerical model for eruption cloud dynamics. The present 3-D model has successfully reproduced the qualitative and

quantitative features of the eruption clouds with mass discharge rate ranging from 10° to 10" kg/s. The 3-D simulations reveal

that the efficiency of entrainment varies with height; the value of entrainment coefficient near the vent is smaller than that in

the buoyant region. It is also suggested that the intensity of turbulence is not strong enough to homogenize particles inside

umbrella clouds; particles coarser than a few mm tend to concentrate at the base of the umbrella clouds.
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1. Introduction

During an explosive volcanic eruption, hot volcanic gases
and pyroclasts are ejected from a volcanic vent into the
atmosphere, and the ejected materials mix with air and buoy-
antly rise as an eruption column. After the eruption column
reaches the neutral buoyancy level, it flows horizontally to
form an umbrella cloud [1].

Turbulent mixing in and around eruption columns is an
essential part of the dynamics of eruption columns because
the amount of entrained air controls whether or not the erup-
tion cloud becomes buoyant. When the ejected material
entrains sufficient air to become buoyant, a large plinian
eruption column rises as a turbulent plume. If the ejected
material does not entrain sufficient air and its vertical veloci-
ty falls to zero before the eruption cloud becomes buoyant, a
column collapse occurs and the heavy cloud spreads as a
pyroclastic flow. The dimensions of the eruption column
such as the total height of the eruption column are controlled
by the amount of the entrained air integrated from the vent to
the top of the column. In umbrella clouds, turbulence also
governs the tephra dispersion and resultant tephra-fall
deposits.

The aim of this study is to develop a 3-D numerical model
which can reproduce the behavior of eruption column and
umbrella cloud and to investigate the features of turbulent
mixing in eruption column (Section 3) and the effects of the
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intensity of turbulence in umbrella clouds on tephra disper-
sion (Section 4).

2. Model Description

The numerical model of eruption cloud is based on Suzuki
et al. [2]. The model is designed to describe the injection of
a mixture of solid pyroclasts and volcanic gas from a circu-
lar vent above a flat surface of the earth in a stationary
atmosphere. We apply a pseudo-gas model; we ignore the
separation of solid pyroclasts from the eruption cloud and
treat an eruption cloud as a single gas. The fluid dynamics
model solves a set of partial differential equations describing
the conservation of mass, momentum, and energy, and a set
of constitutive equations describing the thermodynamic state
of the mixture of solid pyroclasts, volcanic gas, and air.

One of the most essential physics which governs the
dynamics of eruption clouds is that the density of eruption
clouds varies nonlinearly with the mixing ratio between the
ejected material and air. We reproduce this nonlinear feature
of mixture density by changing the effective gas constant
and the effective specific heat of the mixture. Then, the
equation of state for the mixture of the ejected material and
air is approximated by the equation of state for an ideal gas.
Because the above assumption of the equation of state makes
it possible to derive analytically the eigenvalues and eigen-
vectors for the governing equations of the mixture, the Roe



scheme [3] can be applied to the present problem of the
dynamics of eruption clouds. The MUSCL method [4] is
applied to interpolate the fluxes between grid points.

The calculations are performed on 3-D domain. We use a
uniform grid in a Cartesian coordinates system. We have
also developed a new 3-D code in which the domain is dis-
cretized on a non-uniform grid; the grid size is set to be
L/10 near the vent, where L, is the vent radius, and it
increases at a constant rate (equal to 1.02) with the distance
from the vent up to 100 m.

3. Efficiency of Turbulent Mixing in Eruption Column

Eruption cloud is driven by the initial momentum as a tur-
bulent jet near the vent and by buoyancy as a turbulent plume
where the ambient air is sufficiently entrained. Generally
speaking, the efficiency of turbulent mixing in the turbulent
jet and plume can be measured by a proportionality constant
relating the inflow velocity at the edge of the flow to the
mean vertical velocity (i.e., entrainment coefficient, k) [5]. In
the case of a pure jet and plume, the value of & is almost con-
stant (~ 0.1). On the other hand, constant k is not always
valid for the flow of eruption column because of the nonlin-
ear feature of the equation of state and the stratification of
atmosphere. Therefore, we attempt to estimate the value of k
in the eruption column as a function of the downstream dis-
tance from the volcanic vent (referred to as 'local k).

We carried out the 3-D numerical simulations in the rela-
tively small eruption with the mass discharge rate of 10%”
kg/s. The present simulations have successfully reproduced

an eruption column and the structures of turbulence (Fig. 1).
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Fig. 1 A representative numerical result with the mass discharge rate of
10° kg/s. The iso-surface of the mass fraction of the magma of
107 is represented.

We have estimated the value of local k on the basis of the
snapshots of these results (Fig. 2). First, we obtain the time-
average distributions of physical quantities (Fig. 2b).
Secondly, horizontally integrating the physical quantities,
we measure the local values of the mean fluxes and charac-
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Fig. 2 Procedure of estimation of local k on the basis of the unsteady 3-D simulation of eruption cloud for the eruption in the mid-latitude

atmosphere with the mass discharge rate of 10° kg/s, the initial temperature of 1053 K, and the volatile content of 0.06. (a) Cross-

sectional distribution of the mass fraction of magma, &, at 214 s from the beginning of the eruption. (b) Cross-sectional distribution

of the time-average value of &. (c) Vertical profile of the mean mass flux. (d) Vertical profile of the value of local k.
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teristic quantities as a given downstream distance from the
vent (Fig. 2c). Finally, we estimate the value of k at each
height, substituting the above values to the definition of
entrainment coefficient (Fig. 2d) as

local k = [dQ / dz)/[2p, (M  p)*™”], (1)
where Q is the mean mass flux, z is the vertical distance
from the vent, p, is the atmospheric density, M is the mean
momentum flux, and p is the mean density, respectively.

Fig. 2d indicates that the value of k is 0.03 — 0.05 below
z=1 km, whereas it approaches to 0.1 as the distance increas-
es. These results imply that the efficiency of entrainment for
the flow of eruption cloud varies with height, whereas that
for a pure jet and plume is almost constant.

4. Intensity of Turbulence in Umbrella Cloud

During explosive eruptions, pyroclasts (volcanic ash and
pumice grains) are transported by an umbrella cloud and fall
out to the ground surface to form tephra fall deposits in a
broad area (Fig. 3) [6]. In previous tephra dispersal models,
two extreme relations between turbulence and particle set-
tling in the umbrella cloud have been assumed; pyroclasts
are homogeneously mixed inside the umbrella cloud because
of turbulence, whereas they fall out at their terminal veloci-
ties from the bottom of the umbrella cloud where the turbu-
lence diminishes [e.g., 7, 8, 9]. However, when the intensity
of turbulence is not strong enough to homogenize particles
inside umbrella clouds, particles are expected to concentrate
at the base of the umbrella clouds. In this study we investi-
gate the effects of the intensity of turbulence on the homo-
geneity of umbrella clouds.

The degree of particle concentration at the base of
umbrella cloud (ratio between the particle concentration at
the bottom and the mean particle concentration of the entire
depth) can be evaluated by a parameter k, which is
expressed as a function of the ratio of terminal fall velocity
v, and the intensity of turbulence W_ as

k=[v,/CW_]1/[1-exp(-v,/CW_)], 2)
where C (~0.8) is an empirical constant [10]. When W_is
sufficiently large relative to v,, the value of «k is close to 1.
This situation represents homogeneous distribution. On the
other hand, when W__ is as small as or smaller than v, the
degree of particle concentration at the base (i.e., k) increases
with v/W,

rms”

We attempt to estimate the value of k from W_
which is determined by 3-D numerical simulations.

We carried out the 3-D simulation for the magma dis-
charge rate of 10° kg/s for vent conditions matching those of
the 1991 Pinatubo eruption [6]. From the numerically
obtained W

rms

as well as the theoretically obtained v, for a
given particle diameter d, the value of k for a given d is cal-
culated using Eq. (2). We can judge whether an umbrella
cloud is homogeneous or inhomogeneous on the basis of the
values of k. Fig. 4 shows the distributions of k for different
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Fig. 3 Schematic illustration of the tephra-fall from an umbrella cloud
spreading as a gravity current [6]. Note that this illustration
shows a half of the umbrella cloud which radially expands from

the central axis above the vent.

particle diameters ranging from 1/16 to 16 mm. For
d = 1/8 mm or less (Figs. 4a and 4b), Kk ~ 1 in the whole
eruption cloud. For d = 1 mm, the value of x is nearly 1
around the central part of the cloud, while it is substantially
greater than 1 in the umbrella cloud away from the central
axis of the cloud (Fig. 4e). For d = 16 mm, the value of « is
greater than 1 in the whole range of the eruption cloud
except for the central part of the cloud (Fig. 4i). These
results suggest that particles greater than a few mm in diam-
eter are not homogeneously distributed in the vertical direc-
tion, but tend to concentrate at the base of the umbrella
cloud. On the other hand, fine ash with d < 1/8 mm is dis-
tributed homogeneously in the umbrella cloud.

5. Summary

We have developed a numerical 3-D model of eruption
cloud which can reproduce the fundamental features of erup-
tion column and umbrella cloud and the structures of turbu-
lence. Our numerical simulations explain the variation of the
efficiency of turbulent mixing in eruption column and the
concentration of particles around the bottom of the umbrella
cloud.
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