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Numerical simulations of volcanic jets: Importance of vent
overpressure
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[1] Explosive volcanic eruption columns are generally subdivided into a gas-thrust region
and a convection-dominated plume. Where vents have greater than atmospheric pressure,
the gas-thrust region is overpressured and develops a jet-like structure of standing
shock waves. Using a pseudogas approximation for a mixture of tephra and gas, we
numerically simulate the effects of shock waves on the gas-thrust region. These
simulations are of free-jet decompression of a steady state high-pressure vent in the
absence of gravity or a crater. Our results show that the strength and position of standing
shock waves are strongly dependent on the vent pressure and vent radius. These factors
control the gas-thrust region’s dimensions and the character of vertical heat flux into
the convective plume. With increased overpressure, the gas-thrust region becomes wider
and develops an outer sheath in which the erupted mixture moves at higher speeds than it
does near the column center. The radius of this sheath is linearly dependent on the

vent radius and the square root of the overpressure. The sheath structure results in an
annular vertical heat flux profile at the base of the convective plume, which is in stark
contrast to the generally applied Gaussian or top-hat profile. We show that the magnitude
of expansion is larger than that predicted from previous 1D analyses, resulting in much
slower average vertical velocities after expansion. These new relationships between vent

pressure and plume expansion may be used with observations of plume diameter to

constrain the pressure at the vent.
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1. Introduction

[2] In large, explosive volcanic eruptions, the eruptive
fluid issues from the vent as a high speed, compressible gas
with entrained solid particulates. It is important to quantify
the behavior of this gas-thrust region because it provides a
connection between the fluid dynamics in the conduit and
that of the buoyant column. If the eruptive fluid velocity is
at or greater than sonic and vent pressure is higher than
atmospheric pressure, the dynamics will be complicated by
the presence of standing shock waves that can drastically
alter the distribution of the vertical heat flux necessary for
eruption column stability. The fluid dynamics and structure
of a compressible jet issuing from a sonic nozzle into an
ambient atmosphere of lower pressure are well known
from experimental, analytical and computational studies
[e.g., Crist et al., 1966; Young, 1975; Norman et al.,
1982; Figure 1]. Although application of compressible jet
dynamics to explosive volcanic eruptions was first sug-
gested over 25 years ago by Kieffer [1981], the concept has
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yet to be widely applied in modeling and analysis of
explosive eruption columns.

[3] In this paper, we present computational results that
quantify the important effects of vent pressure on the fluid
dynamics of volcanic jets and show that overpressured jets
produce vertical heat flux profiles that are drastically
different than those of pressure-balanced jets. (Note: to
avoid confusion, here we use the physics convention and
consider “heat flux” the thermal energy transfer per area
per unit time (J m > s~ ') and “heat flow” the thermal energy
transfer integrated over an entire area per time (J s~ ')
In volcanology literature, the term “heat flux” is often used
to mean either of these things [e.g., Woods, 1988; Mastin,
2007]). The simulations shown here are time-dependent,
though they assume a steady vent condition. Through these
simulations, we quantify the effects of vent pressure and
radius on plume radius and heat flux distribution after
expansion of the jet. This may allow the prediction of major
features of the eruptive structure. We do not consider the
effects of variations in conduit dynamics, buoyancy, or the
presence of a crater in order to focus only on the effects of
vent pressure and radius alone. This study is not a complete
picture of the complicated flow dynamics of a volcanic
eruption. Rather, the results presented here could be consid-
ered the “simplest case” to which one could compare the
dynamics resulting from more complicated simulations and
observations of high-pressure volcanic jets.
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[4] Although fixing the vent pressure to that of the
surrounding atmosphere drastically limits the complexity
of the flow field, this simplifying assumption allowed
fundamental aspects of volcanic eruption dynamics to be
determined. We briefly highlight only a few of them here
(for a more thorough review, see Valentine [1998] and
Woods [1998)).

[5] Wilson et al. [1978] demonstrate that eruptive col-
umns behave like convective thermal plumes [Morton et al.,
1956] with a height proportional to the quarter-root of mass
flow. This important finding built upon the earlier prediction
that eruptive mass flow is determined by conduit and vent
shape and size [Wilson, 1976]. Since that time, 30 years of
observation and experiments have supported Wilson’s pre-
dictions and demonstrated that vent shape and size also
evolve during the course of an eruption [Wohletz et al.,
1984; Woods, 1995; Valentine and Groves, 1996; Sparks et
al., 1997b]. Notably in the last decade, a research group
now at the Instituto Nazionale di Geophysica e Volcanolo-
gia of Pisa demonstrated the advantages of making nonlin-
ear numerical simulations in two and three dimensions with
sophisticated constitutive relationships and subgrid-scale
turbulence parameterizations [e.g., Dobran, 1992; Macedonio
et al., 1994; Papale et al., 1998; Neri et al., 2007]. These
models have improved our understanding of the factors that
influence eruptions including magma viscosity, rheology and
composition.

[6] Kieffer first suggested that the well-understood fluid
dynamics of an overpressured, supersonic jet could describe
volcanic eruption dynamics; she used this understanding to
explain the lateral blast of Mount St. Helens on May 18,
1980 [Kieffer, 1981]. She applied the method of character-
istics to solve for the general flow field and locations of
standing shock structures in the proximal areas of the blast
(for a description of this commonly used method, see
[Thompson, 1972]). This approach was later expanded
[Kieffer, 1989] and used with laboratory experiments of over-
pressured jets as volcanic analogs [Kieffer and Sturtevant,
1984]. This theory of volcanic jets has been more widely
applied in the planetary volcanism regime, e.g., sulfuric
plumes on lo [Kieffer, 1982], where large overpressure
ratios are more easily achieved due to low atmospheric
densities. However, the theory that the gas-thrust region of
volcanic jets may controlled by compressibility effects (and
associated shock waves) has not been widely applied to
eruption columns on Earth in most studies. These effects are
typically assumed to be “small”” and to have little influence
on the dynamics of the larger column [e.g., Woods, 1988].

[7] Groups at Los Alamos National Laboratory and the
Instituto Nazionale di Geophysica ¢ Volcanologia of Pisa
have performed a number of simulations including the
effects of compressibility and vent pressure. Wohletz et al.
[1984] applied an implicit multifield Eulerian numerical
method to simulate the initial phases of a large caldera-
eruption, showing that overpressure produces a blast wave
analogous to the physics of a shock tube. Later, Valentine
and Wohletz [1989] computed later-stage eruption column
development, finding that overpressure is a dominant con-
trol of whether or not column collapse occurs. Using
computational simulations, Neri et al. [1998] and Neri et
al. [2002] show that overpressured, supersonic volcanic jets
accelerate vertically and expand laterally much more rapidly
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than jets issuing at atmospheric pressure resulting in a more
complicated fluid dynamics. Most recently, Pelanti [2005]
developed a numerical algorithm for modeling of high
speed, compressible multiphase flows. Her simulations of
overpressured jets demonstrate the importance of account-
ing for shocks in the gas-thrust region. Woods and Bower
[1995] also explore the effects of rapid expansion and
decompression from shock waves in one-dimensional
(1D) semi-analytical conduit and plume models with and
without a crater. The results of our study are compared to
previous work in the discussion section.

[8] Although not extensively studied in volcanology,
numerous experimental, analytical and computational stud-
ies on overpressured supersonic jets at laboratory and
machine scale have yielded a wealth of information about
this complicated and often counterintuitive fluid dynamics.
With the development of rocketry and high-speed air travel
in the mid-20th century, laboratory experiments of super-
sonic jets [e.g., Ladenburg et al., 1949] emerged. These
experiments consist of gas at high pressure expanding
through a nozzle, accelerating to sonic or supersonic veloc-
ities, and exiting into a quiescent chamber (or atmosphere)
at lower pressure. A jet is considered underexpanded if the
pressure at the end of the nozzle (i.e., beginning of the
atmosphere) has not fully dropped to the atmospheric
pressure. In other words, the ratio (K) of the pressure at
the vent (Pyen) to the pressure in the atmosphere (Pyuyy,) is
greater than one. Similarly, jets are considered overex-
panded and perfectly expanded when K < 1 and K = 1,
respectively. Here we use the term “overpressured” to refer
only to the higher pressure at the vent relative to that of the
undisturbed atmosphere. Counterintuitively, expansion of
overpressured gas chambers through vents can result in
values of Py., that are underpressured or overpressured
relative to Py, or equal to Py, depending on the shape of
the vent. In volcanic eruptions, this is particularly important
since most eruptions take place through a vent or crater.
Some straight-sided vents may decompress a fluid without
the formation of shock waves [Woods and Bower, 1995;
Pelanti, 2005]. However, the reality of vent shape is much
more complicated as its evolution is coupled to the flow.
Although not included in this study, the effects of vent
shape likely represent a first order control of eruption
dynamics that needs to be addressed.

[9] Various imaging techniques, including, shadowgrams,
Schlieren photographs, and interferograms have been used
to document density variations and flow field structure
within experimental jets. The early experimental studies
[e.g., Ladenburg et al., 1949; Lewis and Carlson, 1964;
Crist et al., 1966; Antsupov, 1974; Chang and Chow, 1974]
provided information about the general flow field (Figure 1)
and empirically determined relationships between the
dimensions of the standing shock structures and the vent
radius (Iyen), the Mach number (M, at the vent (i.e., the
ratio of the fluid velocity, v, to the sound speed, c), the
overpressure ratio (K) and the isentropic expansion coeffi-
cient (i.e., the ratio of specific heats, ) of the gas.

[10] These empirical relationships determined by the ex-
perimental studies suggest a 1D analytical solution for Mach
disk height, prompting a number of analytical studies of
underexpanded jet dynamics [e.g., Adamson and Nicholls,
1959; Young, 1975; Ewan and Moodie, 1986]. Using first
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Figure 1. A snapshot of a simulated underexpanded jet (a) with a schematic describing the flow field at

the base (b). As fluid flows from a nozzle at sonic velocities with a pressure that is greater than the
atmospheric pressure (1), the fluid undergoes Prandtl-Meyer expansion, rapidly accelerating to high
Mach numbers (2, 3) and decreasing in pressure and density. A continuous series of expansion waves
form at the nozzle exit (4), which are reflected as compression waves from the free surface at the jet flow
boundary (5). These compression waves coalesce to form a barrel shock (6) roughly parallel to the flow,
and a standing shock wave called a Mach disk (7) perpendicular to the flow. The high Mach number fluid
crossing the Mach disk undergoes an abrupt decrease in velocity to subsonic speeds (8), and increases in
pressure and density. The resulting fluid dynamics after the Mach disk consist of a slow moving
(subsonic) core surrounded by a fast moving (supersonic) shell with a turbulent eddy producing shear
layer, or slip line (9), dividing these regions. The length scales of this structure are dependent on the
nozzle diameter and the ratio of the inflow pressure to the ambient pressure and are weakly dependent on
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the isentropic expansion coefficient of the fluid.

principles and some assumptions of ideal behavior, these
studies verified that, for a given mass flux at the vent, the
Mach disk height is proportional to the vent radius and the
square root of the overpressure (as well as a limited
dependence on 7). In addition to these 1D solutions,
semi-analytical solutions using the method of characteristics
[e.g., Chang and Chow, 1974] have also provided informa-
tion about the location and strength of shock waves in
underexpanded jets. These methods compare well to exper-
imental jets in the region up to and including the Mach disk.

[11] Both experimental and analytical studies of under-
expanded jets have provided insight to the basic fluid
dynamics in this regime. However, each is limited in scope.
The measurements in experimental studies are strongly
limited by the magnitude of velocities, the presence of
shock waves and temporal and spatial resolution. Analytical
studies can be very applicable to the flow field just
downstream of the vent. However, after the first Mach disk,
the flow field typically becomes too turbulent for the
method of characteristics [Thompson, 1972]; and the lack
of correlation between fluid velocities of the axial and outer
regions precludes a 1D treatment downstream of the first
Mach disk [Chang and Chow, 1974].

[12] The limitations of analytical solutions and experi-
mental design and measurement lead to the development of
computational studies of the flow dynamics of underex-
panded jets [e.g., Norman et al., 1982; Gribben et al., 2000;
Ouellette and Hill, 2000; Li et al., 2004; Cheng and Lee,
2005]. Unlike laboratory experiments, computational simu-
lations provide spatial and temporal information about the

fluid flow limited only by computational power, not instru-
ment capabilities. In addition, computational simulations do
not require the simplifying approximations needed for
analytical methods. These advantages enable computational
studies to focus on the more complicated aspects of the fluid
dynamics, like the axial flow profile downstream of the
Mach disk and the turbulent entrainment and mixing of
particle laden jets [e.g., Post et al., 2000]. Of course,
computational studies also have limitations, which we
describe in the discussion section.

2. Methods

[13] Thirty-five time-dependent simulations of pseudogas
jets expanding into ambient air were produced for a range of
vent radii and overpressure ratios. These simulations are
performed in the absence of gravity in order to isolate the
effects of compressibility. (Simulations of volcanic jets with
gravity and a stratified atmosphere are presented by Ogden
etal. [2008]). The simulations for this study were performed
with CFDLib, a computational fluid dynamics library
developed at Los Alamos National Laboratory. CFDLib
utilizes a finite volume computational scheme with cell-
centered state variables to solve the Navier-Stokes equations
for multiple fluids [Kashiwa and VanderHeyden, 2000]. It is
written in modular format and can solve a variety of
computational fluid dynamics problems in one-, two-, or
three-dimensions. It utilizes a multiblock data structure that
is highly efficient when run on parallel processing super-
computers. For compressible materials, CFDLib uses a
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