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Abstract

The same way that we can hear that the wind is blowing
faster or slower, we can hear when pouring water from a
teapot that the water is hot, due to the coupling between
fluid mechanics and acoustics. In volcanology we do not
have direct access to the fluid flow, so we look for another
way to estimate the magnitudes we are interested in. The
objective is to estimate the four main fluid flow parame-
ters of real eruptions (nozzle pressure ratio (NPR), non-
dimensional mass supply (L/D), Reynolds number (Re)
and temperature ratio (Tr/T∞)) from acoustic measure-
ments. More than 10 000 eruptions have been recorded at
the Mount Etna and Stromboli with an array of 3 micro-
phones to have the noise radiated in different directions.
The governing parameters were estimated using existing
correlations in the literature. Good agreement has been
found between the acoustics radiated from the numeri-
cal simulations and the acoustics measured at the Mount
Etna. Acoustic measurements of real eruptions were car-
ried out estimating the governing parameters with the
help of correlations from the literature. Numerical sim-
ulations of a starting free jet were performed and the
radiated acoustics had a good agreement with the mea-
sured at the volcanoes.

Introduction

In volcanology, as well as in many other practical appli-
cations either the direct access to the fluid flow is not
possible, or the act of measuring includes unacceptable
errors in the measurements due to disturbances of the
fluid flow created intrinsically by the act of measuring.
With this motivation the objective of this work is to es-
timate the governing parameters of the starting jet from
acoustic measurements, without disturbing the flow field
and from a safety place.

To this end, we found the governing parameters of the
starting jet and we linked the physical phenomena of the
starting jet and their acoustics by means of a direct nu-
merical simulation.

The numerical simulation was performed using an
in-house numerical code discretising the compressible
Navier-Stokes equations in the characteristic form as in
[1] using 6th order finite differences for the spatial dis-
cretisation and 4th order Runge-Kutta for the time inte-
gration method. The grid used had 2048 × 1024 × 1024
grid-points in x−, y−, and z− directions, respectively,
discretising a box of 25× 15× 15 nozzle diameters in the
three directions, respectively. More details are given in
[2, submitted].

After coupling the fluid mechanics with the acoustics of
the starting jet, we estimated the governing parameters
of the starting jet from acoustic measurements in a the-
oretical framework.

In this work we applied the developed method to real
volcanic eruptions, that we measured at the mount Etna
and Stromboli and we estimated the main flow param-
eters in order to monitor in real time the state of the
volcano.

The present work is organised as follows: in the following
subsections of this section the elements of the starting
jet are described together with the acoustics. The next
section describes and discusses the results obtained in
this work showing the typical sound pressure level spectra
obtained from the real eruption measurements and the
last section of this work concludes it and puts it into the
proper context.

Elements of the Starting jet

Figure 1 shows the main elements of the starting jet for
the different stages of the whole process to see their tem-
poral evolution.

(a) Pressure

wave

(b) Vortex ring (c) Trailing jet (d) Decay

Figure 1: Main elements of the starting jet. (a) Pressure
wave and the initial state of the vortex ring. (b) Pressure
wave for a later time and a developed vortex ring. (c) Vortex
ring with a shock-wave in its interior and the first stage of the
trailing jet. (d) Subsonic trailing jet during the decay stage.

Just after the release of the pressure at the reservoir, the
first pressure wave travels in all directions of the space
after the nozzle with the speed of sound. With the begin-
ning of the movement at the lip of the nozzle, the vortex
ring is created and fed with vorticity.

The longer and the faster is the movement, the stronger
is the vortex ring. However, there is a limiting value for
the non-dimensional mass supply that defines the exis-
tence of the trailing jet. This limiting value was stated
for the first time in [3] with the value (L/D)lim ∼ 4 and
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later corrected by several authors to be dependent of dif-
ferent parameters like the time distribution of the inlet
condition and the Reynolds number to reach values be-
tween 1 and 5. There will exist a trailing jet only if the
non-dimensional mass supply is larger than this limiting
value (L/D)lim.

Depending on the pressure ratio, the trailing jet and the
vortex ring will be subsonic or supersonic. In case of
being subsonic the trailing jet will only have a shear layer.
In the supersonic case it will have as well shock-waves,
which will affect drastically the acoustic footprint of the
whole process.

The final stage of the jet is typically characterised by a
decay. During this stage the velocities decay to zero and
all the thermodynamical variables decay to the state of
quiescence.

Acoustics of the Starting jet

The main jet acoustic components of the starting jet are
the three classic ones of the continuous jet (the turbu-
lent mixing noise, the broadband shock noise and the
screech), and the ones due to the starting stage, which
are the first pressure wave and the corresponding to the
vortex ring.

The first pressure wave acoustics are due to its arrival
to the sensor/listener, being a single pressure wave with
a semi-spherical shape propagating into the surroundings
of the nozzle.

The vortex ring acoustics can be separated into the tur-
bulent and laminar case; the former is much louder than
the latter, being in both cases the main sound radiation
in the perpendicular direction of the jet axis.

Figure 2: Jet noise directivity. While screech tones are
mainly radiated backwards, the turbulent mixing noise is
mainly radiated in the downstream direction, being the large-
scale turbulent acoustics radiated for χ > 125◦ and the fine-
scale turbulent acoustics for χ < 110◦. The broadband shock
noise is radiated in the normal direction to the jet axis.

The directivity of the typical noise components of the
continuous jet have been already reported in the litera-
ture [4, 5, 6], being summarised in the figure 2 and in the
following: the screech tone is mainly radiated in the rear
arc, while the broadband shock noise is radiated in the
angles almost normal to the jet axis. The turbulent mix-
ing noise is mainly radiated downstream, differentiating
the fine-scale turbulence in the angles χ < 110◦ from the

large-scale turbulence in the angles χ > 125◦.

Estimation of the main flow parameters

As it was first stated in [7], the peak Strouhal number
for the fine-scale similarity spectrum increases with in-
creasing Reynolds number so, that measuring its peak
Strouhal number we can read the Reynolds number. In
this way, taking into account the extended database avail-
able at the moment (and even extended by our group
through numerical simulations as well as experiments),
we can estimate the Reynolds number.

The same way, the NPR can be estimated through the
sound pressure level of the large-scale similarity spectrum
as first stated by [4], in which the temperature ratio was
also taken into account, being able to estimate Tr/T∞
the way it is described in [2, submitted].

In the case the flow is supersonic, the nozzle pressure level
can also be estimated by the peak Strouhal number of the
broadband shock noise, due to the different shock-cell
lengths with the Mach number generated by increasing
the NPR.

Once the rest of the parameters are already estimated, we
can assume the system discharges fluid from a reservoir,
we can assume a typical pressure time profile at the in-
let and in this way we can estimate the non-dimensional
mass supply L/D as described in [2, submitted].

Typical sound pressure level spectra

In this section we show and discuss single sound pressure
level spectra measured at the mount Etna and Stromboli.
We have chosen 4 cases that cover the whole phenomenol-
ogy. For the sake of clearness we start with the case with
only one physical phenomenon and we increase the com-
plexity of the phenomenology for the following cases.
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Figure 3: Typical sound pressure level for an eruption in
which only a pressure wave is radiated.

For a very short eruption, a pressure wave is radiated
in the surroundings together with a laminar vortex ring
(which does not radiate any acoustic). A measured spec-
trum of this kind is shown in figure 3. This is the basic
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setup for the acoustic measurements, in which we notice
the different damping over the frequency spectrum of the
pressure wave.
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Figure 4: Typical sound pressure level for an eruption in
which a pressure wave is radiated together with a vortex ring,
but without any trailing jet.

The next step is to add the effect of the vortex ring
acoustics to the previous configuration, which means
physically that the vortex ring has become turbulent and
therefore contributes to the acoustics. This case is shown
in figure 4. The difference with the previous case is the
peak at Sr ∼ 0.25 giving also very important information
about the size of the vortex ring.

When the eruption blows for a longer time (when the
non-dimensional mass supply L/D is larger), the starting
jet has a trailing jet, which also contributes to the acous-
tics in the surroundings. In this case both the turbulent
mixing noise and the broadband shock noise can be
seen in figure 5. The black curve corresponds to the spec-
trum calculated from the whole eruption, in which there
is a supersonic stage and a subsonic one (during the de-
cay), while the grey curve corresponds to the spectrum
calculated only from the subsonic stage, taking a small
time window during the decay stage. Both curves are
qualitatively different; the black curve shows the turbu-
lent mixing noise for low frequencies, but the broadband
shock noise for Strouhal numbers from Sr ∼ 0.4 on. The
grey curve shows only turbulent mixing noise, since it
was taken from the purely subsonic flow during the de-
cay phase.

For a long enough eruption to have a supersonic trailing
jet, but short enough not to radiate the whole spectrum
of the broadband shock noise, only the higher frequencies
of it will be radiated as shown in figure 6. In this way we
can also estimate the length of the supersonic stage, by
taking into consideration the lowest frequency radiated
by the broadband shock noise.

The screech tone was not present neither in the mea-
surements nor in the simulations, and it was out of the
scope of this study, and therefore was not investigated,
but the frequency of the screech tone is also a good indi-
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Figure 5: Typical sound pressure level for a starting jet
with all components. In black is the spectrum for the whole
eruption. In grey, the subsonic final part of the eruption when
the velocities are in the decay stage.
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Figure 6: Typical sound pressure level for an eruption in
which a pressure wave is radiated together with a vortex ring
and a supersonic trailing jet for a short period of time.

cator of the Mach number of the flow, and we can there-
fore estimate the NPR from its frequency.

For an eruption in which the flow is supersonic, the tur-
bulent mixing noise will not be visible in the spectrum
when taking into consideration the whole eruption, but
taking only a time window in which the flow is subsonic,
we can measure the turbulent mixing noise and with it
we can make the estimation of the corresponding param-
eters, scaling the pressure due to the decay that has taken
place already in this stage of the flow.

Estimated parameters

With the method described in section we estimated the
governing parameters of the eruptions measured at the
Mount Etna and Stromboli. In the following, the estima-
tion of the four governing parameters (Re, NPR, Tr/T∞
and L/D) will be presented.
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For the Reynolds number, we estimated values in the
range Re =

{
105 − 108

}
, which is a realistic value taking

into consideration the big diameter of the craters and the
high velocities that take place in the vent.

For the case of the NPR, the estimated values are in
the range of NPR= {2.3− 5}, which are underestimated.
The reason of this is that actually the Mach numbers
were estimated and from them the pressure ratio was
calculated assuming a steady system. This estimation
would be very good for very large reservoirs, but not
for small ones. We have to work further in this aspect
to improve the results. If we replace the NPR with the
fully expanded Mach number Mj we would have had very
good results, but this is not an excuse to work further to
get the pressure ratio, but a way to define the source of
the error.

For the temperature ratio, the estimated values are in
the range Tr/T∞ = {3.3− 4.91}, which is a very good
estimation, taking into consideration that typical values
of the magma temperature are in the range from 800 to
1200◦ C.

Concerning the non-dimensional mass supply, the esti-
mated values are in the range L/D = {0.5− 3}, which
are realistic, indicating the size of the bubbles that arise
to the magma surface and lead to the corresponding erup-
tions. This values are within the typical values for the
bubble size of this two volcanoes.

Conclusions

After performing a direct numerical simulation of a com-
pressible starting jet we linked the fluid mechanics with
the acoustics in order to estimate the governing parame-
ters from acoustic measurements.

We estimated successfully the governing parameters of
the measured eruptions, although the presence of echos
and other noise in the signals. The different acoustic
components are separated in four typical sound pressure
level spectra that represents the whole phenomenology.
The four typical sound pressure level spectra have been
here discussed.

The estimated values of the governing parameters are
realistic and they are within the typical values for the
two mentioned volcanoes.

The next step to be done is to work in an interdisciplinary
team, measuring a single eruption with several devices,
estimating the governing parameters of the eruptions us-
ing different methods and comparing the results. Two
campaigns are planned in may and october 2016 to this
end.
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