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Abstract

The largest moon in the Saturn system, Titan, has a dense atmosphere comparable
to that of the Earth. Clouds ranging the atmosphere have beendetected, and it
has been suggested that there is a meteorological cycle withmethane instead of
water as the condensible. The major constituent of the atmosphere is nitrogen,
but the abundance of methane, the second most important constituent, is a mys-
tery, as it is expected to have a short geological lifetime of≈ 107 years because
of photodissociation in the upper atmosphere. No evidence for oceans or even
lakes that could act as sources for the atmospheric methane have been detected.
Suggestions concerning the solution have been made. Geological features on the
surface have been suggested to be cryovolcanoes, whether active or not is still to
be confirmed. Clustering of mid-latitude clouds have also been suggested to be an
effect of cryovolcanoes. One way or another existing modelsinclude outgassing
of methane into the atmosphere.

Following a model for volcanic eruption plume rise, simulations of methane
outgassing on Titan have been made for vents situated on the ground. Different
parameters, including the initial velocity, temperature and the radius of the vent,
are simulated and lead to plumes rising a few kilometers intothe atmosphere. At
these altitudes condensation can occur and form the clouds we see.
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Chapter 1

NASA Ames Research Center

NACA, the National Advisory Committee for Aeronautics, wasfounded in 1915
to undertake, promote and institutionalize aeronautical research. It was dissolved
1958 and the core moved to the newly formed National Aeronautics and Space
Agency, NASA. The first laboratory ever managed by NACA was set up in Lan-
gley in 1920 at a very small scale with only a handful of technicians and pro-
fessionals. As the name implies NACA conducted mainly aeronautical research,
which at the time was, primarily, a military issue. The second research center of
NACA, Ames research center, was constructed in 1939 at a Navyairfield, Moffett
Federal Airfield. The collaboration between the Navy and later also the Airforce
and NACA/NASA at Ames was for a long time intimate, and duringWorld War
II the base acted as one of the main outposts for the defense ofthe US west coast.
For a time the Pacific was patrolled with airships and later smaller LTA’s (lighter
than air). The huge hangar used to house these ships is still standing on site. A
number of projects concerning what to do with it has been proposed, but after
finding large amounts of PCB in the building the question was indefinitely post-
poned. Even though most of the military presence on site has left, the US Navy
still hosts a few hangars, and conducts flight training thereregularly.

The legacy of NACA can still be seen on site as Ames hosts one ofthe worlds
largest collections of wind tunnels and flight simulation facilities, though not
many of them are still in use. The world’s largest wind tunnelcan still be seen at
Ames and can house a full-scale space shuttle, or a Boeing 747aircraft for that
matter. The NACA heritage of peak aeronautic research remained for a long time,
and many technologies still used today were developed here,such as the blunt
reentry body in the Apollo program and the swept-back wing used on high-speed
aircraft.

When the direction of the center was moved over to the newly formed NASA
in 1958, Ames continued its fundamental research in the new sciences and com-
ponent technologies. Ames soon became one of NASA’s leadingcenters in life-
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science research, such as radiation biology, adaptabilityto microgravity and later
also astrobiology. Today Ames Research Center is one of NASA’s 10 operative re-
search centers. It has kept its front position as one of the leading research centers
and the peak research conducted there is still astrobiologyand space life-sciences,
but nowadays also supercomputing and information technology. Many space pro-
grams have been built and here, notably the Pioneer probes, the Viking life detec-
tion experiment and the Jupiter Galileo project were all managed by Ames.

There are approximately 4000 employees, a number that is declining though,
as there has been a many layoffs the last year, due to the Bush administration’s
return-to-the-moon project, within which Ames will not be favored.

NASA Ames is situated at Moffett Field, on the border betweenSunnyvale and
Mountain View, in the middle of Silicon Valley, one of the most dynamic research
regions in the US. In the 1990s NASA Ames Research Park was founded, and
university and corporate research were drawn into space exploration. Last year
the collaboration took a new step forward as Google decided to build a corporate
campus inside the gates.
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Figure 1.1: An aerial view of NASA Ames Research Center. The huge hangar in
the upper mid part was constructed to house the Macoon, a blimp used to patrol the
US west coast during World War II, and later the LTAs that followed. The airstrip
behind the hangar represents the last remains of the Navy presence in the area. To
the left, below the hangar and all the way down to the enormouswind-tunnel, is
NASA Ames Center.
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Chapter 2

Titan

Titan was discovered in 1644 by Huygens, and for a long time itwas believed to be
the largest satellite in the solar system. It orbits Saturn in16 days, and like our own
moon it is tidally bound to its mother planet. In the 20th century Kuiper analyzed
the moon spectroscopically and discovered that Titan has anatmosphere and that
it consisted mainly of nitrogen, but also that there is an abundance of methane.
Methane is photodissociated in the upper atmosphere of Titan on a timescale of
107 years. Such a geologically short timescale implies that Titan has a source of
methane to replenish the atmosphere. Different solutions have been suggested,
such as large surfaces of hydrocarbon lakes and cryovolcanoes, erupting either as
continuous sources (Sotin, 2005) or by a few large outbursts(Tobie, 2006). It is
the only satellite known today in the solar system with such adense atmosphere.
At the surface there is a mean pressure of1.44 bar, as compared to approximately
1 bar on Earth.

The first close-up images of Titan were taken by Voyager 1 and 2on their
way through the Saturn system. The trajectory of Voyager 1 was very close to
Titan, and the data attained were extremely good. The next man-made visit was,
and still is, the orbiter and lander Cassini-Huygens, whichmade its first flyby in
October 2004 and successfully parachuted the Huygens probeinto the Titan atmo-
sphere on January 14, 2005. When the descent through the Titan atmosphere by
the Huygens probe was planned the bulk composition and thermal structure was
well known thanks to in depth analysis of the Voyager data by Lellouch (1990).
This initial atmospheric structure correlates well with the recent model of the at-
mosphere, which suggests that the atmosphere has not changed significantly since
the Voyager probes visited Titan more than twenty years ago (Waite, 2005). The
main source of information then was a radio occultation of Titan, which, among
other things, provided the correct diameter of Titan -5150 km, i.e., almost half
that of Earth. Hence Titan is not the largest satellite in theSolar System, since
it is slightly smaller than Ganymede in the Jovian system. Voyager imaged Titan
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in the ultraviolet and infrared as well, but could not see through the orange hazy
atmosphere in the visible range. The haze is an effect of the many hydrocarbons
that exist in the atmosphere. Measurements from Voyager suggested that the tem-
peratures might be cold enough for Titan to support liquid methane on the surface,
perhaps even a hydrocarbon ocean. Table 2.1 lists the main parameters of Titan.

Table 2.1: Physical parameters of Titan. A few of the parameters are globally
averaged over the seasons, such as the surface temperature and pressure. As there
is a meteorological cycle on Titan these differ, not only latitudinally but also lon-
gitudinally from day to day.

Physical parameters of Titan
Radius (surface) [km] 2572
Mass [kg] 1.346 · 1023

Mean density [kg/m3] 1880
Solar flux [W/m2] 15
Surface temperature [K] 93.9
Surface pressure [kPa] 144
Surface gravity [m/s2] 1.35
Atmospheric eddy viscosity [m2/s] 4.2 · 105

Escape velocity [km/s] 2.65
Mean distance from Saturn [km] 1.223 · 106 (20 Saturn radii)
Orbital period around Saturn [days] 15.945
Mean orbital velocity [km/s] 5.58
Orbital eccentricity 0.029
Inclination of orbit, relative to Saturn 0.33◦

Obliquity, inclination of equator to the orbital plane26.7◦

Rotation period [days] 15.945

2.1 The surface

Since the passage of the Voyager probes Titan has been the subject of intense
studies. In total 45 flybys have been planned for the Cassini mission, of which 14
have been successfully undertaken so far1. For every one of them new discoveries
are made. Still no complete high resolution map over Titan exist. Different parts
of the surface are better imaged than others, and the northern hemisphere is poorly
resolved, if imaged at all. The features have already been named, and called

1For the next flyby-date, see http://saturn.jpl.nasa.gov/home/index.cfm
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Figure 2.1: A dynamic moon. The three mosaics shown here are composed from
three different Cassini flybys, namely in October 2005, December 2005 and Jan-
uary 2006. They are false-color images taken in the near-infrared band. Note the
difference in brightness of the south polar cloud system between the images, indi-
cating a dynamic atmosphere over the south pole. The bright spot mentioned by
Barnes (2005) can be seen just south of the equator in the October and December
images. It is namedTui Reggioand is thought to be a surface deposit, probably of
volcanic origin. The December flyby data show that the western margins of the
region have a complex flow-like character consistent with eruptive phenomena.
Images courtesy of NASA JPL.

continents, highlands and plains. Albedo features in the surface are named after
sacred or enchanted places in world mythology, such asXanadu, Shangri-Laand
Adiri. Other features are named after islands and lakes on Earth and deities of
happiness and wisdom (USGS Gazetteer of Planetary Nomenclature, 2006). The
surface appears to be geologically young, as there is an apparent lack of craters.
But it is still complex and there is evidence of recent surface flows, something that
favors the theories of active cryovolcanoes.

Before Cassini arrived to the Saturn system, telescopes on Earth were able to
penetrate the haze by looking in narrow windows in the near-infrared and unravel
some of Titan’s mysteries. Using the Hubble telescope and Earth-based radars
it was shown that Titan’s surface is fairly heterogeneous, and that there is no
ocean covering the surface of the moon, even though a radar image published
in September 2005 from Cassini showed surface features thatappeared to be a
shoreline and channels that look like fluid had been flowing over long distances.
They remind of the networks of drainage channels that can be seen after heavy
rainfalls on Earth.
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Figure 2.2: Purple haze over Titan. This colorized image wastaken the day af-
ter Cassini’s first flyby of Titan in July 2004. It is taken in the UV-band, but the
pale orange hue of Titan is the natural color in the visible range. The haze lay-
ers have been brightened for visibility and the atmosphere can be clearly seen in
this image, as well as the thin layer of haze that appears to float high above the
main atmosphere. The haze is composed mainly of complex organic molecules
containing carbon, hydrogen and nitrogen and it is a result of the photodissocia-
tion of methane and nitrogen. As the smaller molecules collide and coalesce they
get heavier and fall deeper into the atmosphere and form the main haze layer that
obscures the surface at visible wavelengths.Images courtesy of NASA JPL.
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2.2 The atmosphere

As mentioned above it was not until 1944 that it was discovered that Titan has
a significant atmosphere. Already at the detection of the atmosphere it was un-
derstood that it consists mainly of nitrogen, and that the second most abundant
element in the atmosphere is methane (Kuiper, 1944). This was, and still is, very
puzzling. The fact that there is hydrogen-rich gases indicates that the atmosphere
has formedafter the cooling and the formation of Titan. The similarity between
Titan’s and Saturn’s atmospheres suggests that Titan was created within the Sat-
urn system and not captured later. The general composition of Titan’s atmosphere
can be seen in Table 2.2.

Table 2.2: The major constituents of Titan’s atmosphere. Tholin is a mix of
higher-order hydrocarbons, rich in nitrogen such as ethane, methylacetylene, di-
acetylene, cyanoacetylene and propane. Trace amounts of other gases exist,
among others argon. The proportions of the constituents change with the season.

Species Approximate volume mixing ratio
N2 97.3%
CH4 2.2%
H2 0.4%
Tholin 0.1%

Since the arrival of Cassini-Huygens to the Saturn system our knowledge of
Titan has increased dramatically. Even though the telescopes on Earth are power-
ful enough to present high-resolution images of the atmosphere on Titan, Cassini
is now the major source of information. Using adaptive optics for the Earth-bound
telescopes and looking in narrow bands between the numerousmethane absorp-
tion bands, it is possible to discern surface features as well as dynamics in the
atmosphere. The wavelengths of greatest interest are located between2.0 and
2.3 µm. In the lower part of this spectrum absorption of photons bymethane is
negligible. Closer to2.3 µm methane absorption increases, while the absorption
by the haze is low. This results in a possibility to probe different levels in the
atmosphere.

The first measurements of the Titan atmosphere led to a numberof conclu-
sions. The atmosphere is superrotating, i.e., it rotates faster than Titan itself. No
model has been able to explain this yet. Titan was probably formed from the out-
gassing of planetesimals composed of silicates, water ice,methane clathrates and
ammonia hydrates which coalesced to form the moon. Photo- and shock-induced
chemistry is probably the cause of the atmospheric molecular nitrogen of today.
Near the surface the winds are weak,∼ 1 m/s. Higher up in the atmosphere the
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Figure 2.3: The temperature profile on Titan, as predicted byLellouch (1990). It
can be seen that the atmosphere has a well-defined structurallayering.

winds get stronger, at60−100 km’s altitude they are moderate and even higher up
the atmosphere becomes very turbulent. At lower altitudes the Richardson num-
ber (1− 2) suggests that flows are most likely buoyancy-driven, i.e.,the energy in
the flow originates from the potential energy of the system.

Titan does not have a magnetic field of its own, but spend most of its time
within the limits of the magnetic field generated by Saturn. Every now and then
the path of its orbit takes it outside of this protective fieldand the solar wind can
act on the atmosphere. An in-depth analyze have been made on the isotopic ratios
in the upper atmosphere and even though large uncertaintiesstill exist, a lot can
be concluded from the early results. Judging from the isotopic ratio of 14N/15N it
can be concluded that atmosphere was at least50% denser in the past, the weak
gravity might be a cause for this loss. This ratio also suggests that the present
atmosphere is largely a remnant of early ammonia deposits, in which case the
hydrogen to a large extent has left the atmosphere. The isotopic ratio of 12C/13C
(= 95 ± 1) suggests that the replenishment source of methane is an interior one
(Waite, 2005), and also that the models for the photodissociation rates are correct.
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2.2.1 Photodissociation in the upper atmosphere

On Earth photodissociation is responsible for the ozone layer. UV-light breaks
oxygen molecules into atomic oxygen which react with diatomic oxygen and
form ozone. On Titan photodissociation is believed to be responsible for the
haze that covers the moon, as it breaks up methane molecules into their ele-
mentary parts, hydrogen and carbon. These free elements react with one another
and form more complex organic molecules, such as ethane, methylacetylene and
cyanoacetylene. Due to uncertainties in the models and the actual processes in-
volved in the photodissociation precise the destruction rate of methane is still
to be determined. Different models of the processes today give a value of ap-
proximately1010 molecules/second/cm2, which, globally, corresponds roughly to
200 − 300 kg/s (Roe, private communication, 2006).

It has been suggested that the Titan winter polar atmospheremight be anal-
ogous to the terrestrial processes that induce the Antarctic ozone hole. Infrared
observations from the Voyager flyby indicated unusually cold stratospheric tem-
peratures, strong circumpolar winds and concentrated levels of several organic
compounds in the north polar region, which at the time was coming out of winter.
The elevated concentrations could be a result of isolation of the polar stratosphere
from the equatorial during winter (Flasar, 2005).

2.2.2 Clouds

The theories of condensation clouds in the troposphere wereshown to be cor-
rect when Brown (2002) directly detected variable tropospheric clouds in 2002.
Transient clouds were suggested as a cause much earlier by Griffith (1998), who
spectroscopically detected a dramatic brightening in the disc and explained this
to be tropospheric clouds. Since then, new evidence reach usconstantly and the
existence of a dynamic atmosphere on Titan is a scientific consensus.

When comparing images of Titan’s southern regions from different nights
Brown was able to point out transient changes in the images. Using high reso-
lution images from the W. M. Keck observatory he could establish that the images
showed the same face of Titan and that the visible changes were not due to surface
features. The bright spots occurred at70◦ – 80◦ S, which at the time of detection
was close to summer solstice. Using models for radiative transfer in the atmo-
sphere by Griffith (2000), the transient spots were best modeled as tropospheric
clouds. Early models on tropospheric conditions by McKay (1997) did not show
any seasonal dependence, but predicted instead that clouds, if existing, would be
concentrated in the equatorial region.

In order to understand the complex meteorology of Titan it isnecessary to
explain the processes that form the clouds. Why do these appear in such dramat-
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ically increased numbers, last for a few weeks and then disappear? Clouds form
when a condensible is lifted in the atmosphere, as the ambient temperature and
pressure decreases it will condense to form a cloud and release latent heat. Over
most of Titan the level of free convection is assumed to be above the dry convec-
tive layer, which implies that no clouds should form. Schaller (2006) suggests
three possible mechanisms for such a dramatic increase in cloud activity, namely
increased cloud condensation nuclei, localized geologic processes leading to sur-
face heating, and an increase in methane humidity. The first is not that plausible,
as Huygens observations suggested an abundance of haze particles and aerosols
in the troposphere. Additionally the last four years of intense Titan observation
do not favor this possibility. Surface heating appears unlikely for separate hot
spots to be that common. That leaves locally increased amounts of methane in the
atmosphere as a possible cause of the cloud activity.

2.2.3 Methane outgassing

As can be seen above, cryovolcanoes spewing out methane would explain some
of the dynamics of the Titan atmosphere. It is not only an explanation that would
nicely fit into the theories of today, but geological features on the surface have
also been pointed out as possible cryovolcanoes.

Sotin (2005) suggests a possible cryovolcano from images taken on Octo-
ber 26, 2004. When analyzing them in all available wavelengths a surface fea-
ture stands out and it appears to be in the shape of a dome. Thisdome is lo-
cated just north of the equator and145◦ W according to the map provided by
USGS Gazetteer of Planetary Nomenclature (2006), using thesuggested geologi-
cal names there, in the northeastern parts of Shangri-La. Another possible site for
a cryovolcano is suggested by Barnes (2005). It is situated80◦ W and20◦ S, in
a region now calledHotei Arcus2. In this case the site is seen as a bright spot on
several images taken under a long time. The spot has consistently been observed
over9 months, by Cassini as well as by the Keck Observatory, and it has kept its
brightness for all that time.

The above mentioned are possible sites for cryovolcanoes directly related to
observed geologic features on the surface. Griffith (2005),on the other hand, sug-
gests a connection between observed longitudinally confined clouds and surface
features, which might be cryovolcanoes. Yet cryovolcanically outgassed methane
is only a part of the explanation, as it is also mentioned by Griffith that while the
meridional winds are rather weak (≈ 1 mm/s) the zonal winds are much stronger,
which would confine such methane outbursts latitudinally, at least for a while.
Roe (2005), on the other hand argues that cryovolcanoes might be the best expla-

2Formerly known asThe smile.
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nation for the clustering of the mid-latitude clouds. Even though the dome found
by Sotin (2005) does not seem to produce any clouds today it might still be a rem-
nant of a cryovolcano. According to Roe the clouds observed and their motions
agree well with the expected winds and could be explained by sudden outbursts
of methane into the atmosphere.
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Chapter 3

Theory of plumes

Volcanic plumes rising high into the atmosphere are one of many different appli-
cations to the fluid-dynamic models that describe plumes, jets and thermals. A
lot of research is funded by environmental organizations such as studies of how
warm exhaust plumes rise in the atmosphere, from, for instance, smokestacks and
factory chimneys. Pollution rising from highways can also be modeled by these
theories. Typical questions are how the wind affects a rising plume and how the
exhaust gas should be released to affect the ground environment the least.

Several physical circumstances influence the development of the plume, such
as buoyancy of the gas constituents, momentum and thermal energy. Plumes
where momentum effects are the most important are commonly called jets, buoyancy-
driven plumes with a temperature more or less the same as the ambient atmosphere
are called geysers. When the temperature of the plume is muchhigher than the
surrounding atmosphere and it is buoyance-driven it is called a thermal.

Plumelike outbursts have been discovered elsewhere in the solar system, such
as on the Saturn moonEnceladus, which, in recent images, displayed a violent
water ice plume. BothTriton andIo have for a long time been known to display
such outbursts as well.

3.1 The plume model

3.1.1 The basic assumptions

The plume studied here is a single component plume, where thecomponent is
considered to be an ideal gas. The ambient atmosphere is alsoassumed to follow
the behavior of an ideal gas, with the equation of state,

PV = nRT, (3.1)
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Figure 3.1: Plumes from factory chimneys.

whereP is the pressure,V is the volume,n is the molar mass of the gas involved,
R is the gas constant andT is the temperature. The modeled plume is buoyant,
hence the buoyancy is the dominant force for the vertical motion. Within the
plume column the heat capacity and the gas constant are allowed to change as
material from the ambient atmosphere enters the plume through entrainment. The
following is assumed to be valid;

• The plume has no effect on the environment.This assumption will al-
ways be used in the case on Titan. It is assumed to be valid, except where
the dimension of the plume is comparable to the length-scaleof the am-
bient atmosphere, i.e., at the base of the plume where the boundary layer
turbulence will affect the plume.

• The plume is continuous, slender and has a circular cross-section. Math-
ematically this means that the plume is modeled in a Eulerianframework.
This also means that the plume is assumed to be axisymmetrical.

• Properties are uniform on the same level within the plume.Certain prop-
erties of the plume will evolve as the plume dilutes. This rate of change is
constant throughout the plume, and properties within the plume are homo-
geneous over the plume area at any arbitrary height.

• Entrainment takes place due to the plume’s motion relative to the en-
vironment. The considered plume is an open system, where exchange of

16



gases between the ambient atmosphere and the plume will dilute it. The
interaction of the plume with the ambient atmosphere has to be taken into
account.

• Mean flow transport dominates over turbulent and molecular diffusion.
The plume is modeled in a stationary environment and no wind or highly
turbulent layers will affect its evolution and that the advection of the plume
is much faster than the spread.

• The pressure in the plume is equivalent to that of the ambientatmo-
sphere.This is a consequence of the fact that the plume is an open system.

• The eruption time is much longer than the time for a particle to travel
from the vent to the top of the plume. The model is assumed to be a
steady state one.

Sometimes the Boussinesq approximation is also included inthe list of assump-
tions.

3.1.2 The Boussinesq approximation

The Boussinesq approximation is a common approximation in buoyancy-driven
calculations in fluid-dynamics. In short, it states that sufficiently small differences
in density,ρ0−ρ, between the environment and the buoyant fluid can be neglected
in all equations except in buoyancy terms, where they occur in combination with
the gravity,g, as∆ = g(ρ0 − ρ)/ρ. Instead it is enough to use only one density
term. Hence, the difference in inertia is negligible, but incombination with the
gravity the specific weight of the two fluids makes an appreciable difference. The
approximation is commonly used in calculations on atmospheric fronts, in the
industry when modeling dense gas dispersions, and the indoor environment for
calculations on heating and cooling. It is generally quite accurate and makes the
physics and mathematics much easier. Since gravity is such an important part
of this approximation is it then applicable on Titan where the gravity is almost a
magnitude smaller than on Earth?

The following equations need to be fulfilled for the approximation to be valid:

A ≡ aΘ ≪ 1, (3.2)

B ≡ gρβl ≪ 1, (3.3)

C ≡
gal

Cp

≪ 1, (3.4)
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wherea is the coefficient of expansion of the fluid,Θ is the temperature difference
between the plume and the ambient fluid,β is the isothermal compressibility,l is
the length scale of the system, andCp is the heat capacity at constant pressure of
the plume. Inequality (3.2) can be expected to be valid asa = 1/θ for a perfect
gas, whereθ is the temperature of the plume gas, andΘ is of the order of a few
Kelvins. In the case of Inequality (3.3),β = 1/P . For systems with an expected
small length-scale this might also be considered to be valid. Inequality (3.4) is
more sensitive to the length-scale and as the temperature onTitan is low this will
probably be the crucial equation for the validity of the approximation. If all of the
above inequalities are true, and also

D ≡
galθ

CpΘ
≪ 1, (3.5)

then the Boussinesq approximation applies directly (Tritton, 1988). For small-
scale plumes this approximation is generally valid, but as later will be apparent
the plumes modeled here might rise many kilometers up into the atmosphere, and
break Inequality (3.4). Hence the Boussinesq approximation is not used in the
model.

3.1.3 Entrainment

The plume is assumed to be an open system and therefore interaction with the en-
vironment has to be taken into account. The plume interacts with its environment
in many different ways, and the pressure is obviously an important factor. The
plume will expand as it rises, as a consequence of the decrease in ambient pres-
sure, but that is not the main interaction between the plume and its environment.

A fluid of radiusr moving at speedu through a relatively stationary environ-
ment with densityρa will give rise to small eddies at the shear layer between the
two fluids. It is reasonable to assume that the number of eddies will be propor-
tional to the circumference2πr. The entrainment rate,α, at which the surrounding
fluid enters the plume can be written as:

α = Λ · urρa, (3.6)

whereΛ depends on atmospheric parameters. For a complete derivation of this
relation, see Netterville (1990). If the entrainment is zero the plume will act as
a pipe and gas at the bottom of the plume will push overlaying gas upward. The
model will not be reliable anymore as new turbulence will appear in the shear
layer between the plume and the ambient atmosphere.
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3.1.4 The governing equations

Four bulk parameters are used for describing the plume, namely the vertical ve-
locity of the plumeu, the radius of the exhaust ventr, the density of the plume
gasρp and the temperature of the plumeθp. As the plume rises through the atmo-
sphere these four variables change as functions of the altitudez. To get a closed
coupled system for the equations a control volume is defined by a thin horizontal
slice, with thicknessdz, of the plume column, and within this volume each of the
variables has a single value.

The ambient fluid, in this case the atmosphere, is described by three variables
which also change with the altitude; the pressureP , the ambient densityρa and
the ambient temperatureθa. The pressure will decrease with altitude according to:

dP

dz
= −gρa. (3.7)

Equation (3.7) and the Equation of state (3.1) together yields:

1

P

dP

dz
=

−g

Raθa

, (3.8)

and the pressure gradient can be calculated for any given temperature,Ra is the
gas constant for the atmosphere. Given the above, and using apredefined temper-
ature profile, for example as in Figure 2.3, the density can becalculated from the
Equation of state, (3.1).

A control volume is defined as in Figure 3.2, and an analysis results in a sys-
tem consisting of four coupled ordinary differential equations that describe con-
servation of mass, momentum and thermal energy. The conservation of mass is
chosen instead of conservation of volume as in this case the ambient pressure gra-
dient is allowed to affect the volume of the plume. Conservation of mass is a bit
misleading and it is better to use the notation balance of mass as mass from the
ambient atmosphere entrains the plume. The pressure insidethe plume is defined
Pp = Rpρpθp while on the outsidePa = Raρaθa, note that the pressure is the
same,Pp = Pa, hence the plume is compressible.

The mass flux through a cross-section of the plume at pointz is given by

mass fluxz = πr2ρpu, (3.9)

and the mass flux through a pointz + ∆z by

mass fluxz+∆z = π(r + ∆r)2(u + ∆u)(ρp + ∆ρp). (3.10)

From Equation (3.6) the entrainment into the plume is given by

mass fluxentrained= 2παruρa∆z, (3.11)
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Figure 3.2: A sketch of the control volume for a buoyant gas plume. At the shear
layer between the plume and the ambient atmosphere entrainment occurs. The
pressure is the same on the inside of the plume as on the outside.

where the constant in Equation (3.6) is rewritten as2πα. The increase in mass
betweenz and∆z must therefore equal the entrained mass given in Equation 3.11.
In the limit ∆z → 0 the rate of change of the mass flux becomes

d

dz
[ρpur2] = 2αρaur. (3.12)

This states that the mass-flux difference between the upper part and the lower
faces of the slice depends only on the entrainment of ambientgas into the plume.
This entrainment is directly related to the vertical velocity of the plume and the
proportionality constantα. Regardless of how the ambient atmosphere changes,
Equation (3.12) has to be satisfied.

The difference in density between the plume gas and the ambient atmosphere
gives rise to a buoyancy effect, a momentum flux through the control volume
described by

d

dz
[ρpu

2r2] = g(ρa − ρp)r
2. (3.13)

There are two different factors that has to be accounted for the thermal energy.
The entrainment of a colder gas from the ambient atmosphere,which has a differ-
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ent density and heat capacity, and the adiabatic temperature change of the volume
as the pressure decreases. The gradient of the thermal flux isdescribed as

d

dz
[ρpur2Cpθp] = 2αρaurCaθa − ρpur2g, (3.14)

whereCa is the heat capacity of the ambient atmosphere. The first termon the
right hand side of Equation (3.14) is due to the cooling effect of ambient gas,
whereas the second term accounts for adiabatic temperaturechanges. This follows
directly from the first law of thermodynamicsdE = dQ − dW , wheredE is the
total energy in the system,dQ is the exchanged heat, anddW the work done by
the system. Ifα is set to zero, i.e., no entrainment, the first term on the right hand
side vanishes and the flux is reduced to include only the adiabatic heat loss.

The entrainment of ambient atmosphere gas introduces a second component
in the plume, which will change the heat capacity,Cp, as well as the gas constant,
Rp. A simple linear relation has been set up that accounts for this. BothCp and
Rp can be seen as intrinsic parameters of the gas constituents of the plume, which
change during the ascent and will therefore not be included in the coupled system
of differential equations. The rate of change as a function of z is assumed to be:

dCp

dz
= (Ca − Cp)

2α

r

ρa

ρp

. (3.15)

A thorough derivation of the relation can be found in Appendix A.2. Here, as
well as in the case of the equations for the thermal energyα = 0 implies that no
gas exchange will occur. Hence, the initial heat capacity and gas constant will be
constant.

With the above equations and the assumptions made earlier for the plume the
following set of equations can be derived (see Appendix A);

du

dz
=

g(ρa − ρp)

ρpu
−

2αu

r

ρa

ρp

, (3.16)

dr

dz
= α

ρa

ρp

−
r

2

[

1

ρp

dρp

dz
+

1

u

du

dz

]

, (3.17)

dθp

dz
=

2α

Cgr

ρa

ρp

[

Caθa − θpCp −
gr

2α

]

−
θp

Cp

dCp

dz
, (3.18)

and

dρp

dz
= ρp

[

1

P

dP

dz
−

1

θp

dθp

dz
−

1

Rp

dRp

dz

]

. (3.19)
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Latent heat

As the plume rises and cools down, some of the gas within it will condense and
release latent heat, which, in turn, will add heat back to theplume. This extra
effect can be shown to be added as a single term in Equation (3.18) according to:

dθp

dz
=

2α

Cpr

ρa

ρp

[

Caθa − θpCp −
gr

2α

]

−
θp

Cp

dCp

dz
+

Lω

uCp

, (3.20)

whereL is the latent heat of the condensing gas andω is the instantaneous con-
densation rate of vapor into liquid in the control volume. The rate of condensation
not only depends on the condensible within the plume, but also on the amount
of proper cloud condensation nuclei as well as the pressure and actual amount of
methane in the system. It is also important to note that this model assumes that
the condensed gas rains out immediately from the plume, which implies that the
extra volume added by the droplets is very small compared to the plume.

3.2 Plumes on Earth

To validate the model and the numerical methods used, a simulation of an Earth
plume was setup and run. The input values in the model were thesame as used by
Glaze and Baloga (1996), and the resulting plume were compared to theirs. The
modeled Earth plume is a water vapor plume rising in an atmosphere modeled by
the U.S. Standard Atmosphere (1976). The numerical parameters for the intrinsic
properties of the plume are listed in Table 3.1. The entrainment constantα on
Earth is empirically shown to have a value between0.09 − 0.1 and is here taken
to be 0.09. The initial conditions were; vertical velocityu0 = 10 m/s, initial
temperatureθ0 = 525 K and the radius of the vent wasr = 10 m, which implies
r0 = 10 m. The density is calculated toρ0 = 0.419 kg/m3. “Initial conditions”
refers toz = 0, i.e., what happens at ground level. The ambient temperature
and density are marked as a dashed line in the corresponding plot. The neutral
buoyancy height is indicated by NBH in the plots. NBH is situated a bit lower
than the actual maximum height of the plume. This is due to theinertia of the
plume. Even after the plume density and the ambient atmosphere density are the

Table 3.1: Parameters for a plume on Earth

Ambient atmosphere Plume
Heat capacity,C [J/(kg·K)] 998 2000
Gas constant,R [J/(kg·K)] 287 461
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Figure 3.3: The behavior of a volcanic eruption plume on Earth. The graphs show
the vertical gas velocity, the temperature the density and the radius of the plume
as functions of the altitude. NBH is short for Neutral Buoyancy Level, i.e., the
level where the density of the plume equals that of the ambient atmosphere.
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same and there is no buoyance left, the plume will continue torise a bit by its
momentum. After reaching the maximum height parts of the plume gas will fall
back down to the NBH and hereby create a "top hat plume" shape as in Figure 3.4.

Figure 3.4: The “top hat” plume. A side-view showing the steady-state behavior
of a plume after reaching maximum altitude. Plume material will fall back down
to NBH and spread horizontally.

3.3 Plumes on Titan

Table 3.2: Numerical values used in the Titan calculations.The heat capacity
and the latent heat are calculated for a temperature of100 K and the specific
gas constant is weighted by the molar mass of the specific gas.The ambient
atmosphere is assumed to be pure nitrogen.

.
Ambient
atmosphere

Initial plume
(methane)

Heat capacity, C [J/(kg·K)] 1075.9 1498.2
Gas constant, R [J/(kg·K)] 296.9 518.5
Latent heat, L [J/kg] 5.4 · 105

Titan is quite similar to Earth, from a physical point of view. The surface
pressure is only slightly higher,1440 hPa compared to our "standard surface pres-
sure"1013 hPa. The major constituent of the atmosphere is nitrogen, ason Earth,
although other gases contribute to the small differences inthe mean densities of
the two atmospheres. The mean molecular atmospheric weighton Titan is ap-
proximately28.5 g/mole, whereas on Earth it is29 g/mole. The mean density
of the atmosphere is a bit different due to the difference in pressure. The major
difference is the temperature, with a surface temperature on Earth of300 K and
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Figure 3.5: A linearized model of the temperature as a function of the altitude
on Titan. The solid line shows the temperature structure according to the model
developed by Lellouch (1990), while the dotted line is the linearized model used
in the models.
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Figure 3.6: A model mimicking the Titan atmospheric pressure. As in Figure 3.5
the solid line shows the pressure as modeled by Lellouch (1990), while the dotted
line shows the model used in the calculations.

100 K on Titan. This difference will influence some gas parameters used in the
model. Table 3.2 lists these parameters and the values used for the Titan plume.
For a more thorough derivation of the values see Appendix B. In the simulations
the ambient atmosphere is assumed to be pure nitrogen. The values tabulated by
Lellouch (1990) for the ambient Titan atmosphere concerning temperature, den-
sity and pressure cannot be used here as an adaptive stepsizehas to be used in the
calculations. A model was developed to remedy the fact that the parameters of the
ambient atmosphere have to be calculated for arbitrary altitudes and included in
the equations. Figure 3.5 shows a linearized model of the temperature structure
up to the tropopause. The solid line shows the structure proposed by Lellouch
(1990), and the dotted line shows the linear model used in thecalculations.

A model for the pressure on Titan also had to be developed, andas for the
temperature profile, the pressure profile is meant to mimic the structural model of
Lellouch (1990). The model is shown in Figure 3.6 and once more the solid line
shows the pressure structure according to Lellouch (1990),whereas the dotted line
shows the modeled pressure.
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Using the equations for these models one can calculate the density at any given
altitude on Titan with the Equation of state (3.1). Combining n andV gives an
equation for the densityρ according to

ρ =
P

RT
. (3.21)

A major issue in the plume model is the entrainment rateα. If it equals zero
the plume is static in the sense that there is no interaction with the ambient at-
mosphere. On Earth,α is empirically defined and not derived matematically. In
Netterville (1990),α is related to the creation of eddies in the shear layer between
the plume and the ambient fluid. Turbulence, and hence the creation of eddies, is
related to Reynold’s number,Re, which is defined asRe = lu/ν, wherel is the
typical length scale (in this case the radius of the plume),u is the velocity andν
is the kinematic viscosity (defined asµ/ρ, whereµ is the viscosity).l andu are
intrinsic values of the plume on Titan, as well as on Earth, and will change as the
plume rises in the atmosphere, according toα. Thus they can be neglected in the
search for a new entrainment constant. Note thatα is taken as a constant on Earth
and does note change as the plume ascends into the atmosphere. How do then the
kinematic viscosity,ν, change between Earth and Titan?

The difference in viscosity of nitrogen between Earth and Titan, is so small
within the temperature and pressure range, that it can be neglected. Comparing
the viscosities of the major constituents of the plume, methane on Titan and water
vapor on Earth, it is realized that they too differ only slightly from each other, by
less than a factor of two (CRC Handbook of chemistry and physics, 2004). The
density of the gases does not change more than by a factor of2−3. Hence, neither
does the kinematic viscosity changes significantly betweenEarth and Titan, nor
does Reynold’s number.

The eddy coefficient of viscosity,K, of the Titan atmosphere is found to be
almost 2 orders of magnitudes larger than on Earth, which implies that the Titan
atmosphere is more inert than on Earth. Note thatK describes the flow rather
than the fluid involved, but it is still a proxy for a lower entrainment rate as judged
from the general turbulence in the Titan atmosphere. The lower entrainment rate
assumption is favored by the fact that the Titan atmosphere is more massive,
very much colder and thus essentially more sluggish than on Earth. Titan ro-
tates slowly, which adds little vorticity to the atmospheric dynamics. Additionally
Titan receives∼ 100 times less solar energy than Earth, which also favors a more
inert atmosphere and thus a lower entrainment rate.
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Chapter 4

Numerical model

The plume model as derived above leads to a system of four coupled ordinary
differential equations. The system consists of four dependent variables,u, r, θ, ρ
and one independent,z, which can be seen in Equations (3.16)–(3.19). The
boundary conditions for the above equations are as follows;r(z0) = r0, ρ(z0) =
ρ0, u(z0) = u0 andθ(z0) = θ0, wherez0 = 0. The initial vertical velocity, heat
and radius of the vent can be arbitrarily chosen for the type of plume to be sim-
ulated. The initial density follows directly from the equation of state (3.1). It is
calculated from the initial temperature, the gas constant of the plume constituent
and pressure at the vent:

ρ0 =
P0

Rpθ0

. (4.1)

4.1 Solving ordinary differential equations numeri-
cally

A numerical method is sought for how the plume evolves as it rises through the
atmosphere. It should be possible to follow the evolution ofthe different variables
numerically all the way through the computation.

The underlying idea for solving ODEs bound by initial valuesis to rewrite the
functions so that the dependent and independent variables can be interpreted as
finite steps∆u, ∆r, ∆ρ, ∆θ and∆z. It is then possible to “step” forward in the
calculations with the independent variable. By making the stepsize,∆z, small, a
good approximation can be achieved. It is a crucial part of the solution to choose
the right stepsize and algorithm for the specific problem.

Numerical methods soon tend to get computationally exhaustive. Even though
many problems can be solved by sheer brute force in processing power, it is rarely
the best way to go. Rather one tries to minimize the computingeffort. Many
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methods have been developed for getting the most accurate result while using the
least possible processing power. It is generally achieved by using an adaptive
stepsize and performing error control after every step in the calculation. If the
error is smaller than a pre-specified limit the size of the next step will be enlarged
and the computation continues. If the error is larger than prescribed the stepsize
is diminished and the step is recalculated. When the outcomeof the equations
changes fast and furiously the stepsize would better be as small as possible while
through smooth and uninteresting parts of the solution a large stepsize is preferred.

4.1.1 Runge-Kutta

The Runge-Kutta method is one of the most commonly used schemes for stepping
forward in an ordinary differential equation. It can be seenas the workhorse of
scientific calculations. Perhaps it will not solve the problem the fastest way, but
it is easy to implement, and often reliable enough. The method is, simply put, a
development of the Euler method. The basic Runge-Kutta method is called the
second-order Runge-Kuttaor midpoint method, in which second-order accuracy
is achieved, compared to the Euler method, where only first-order accuracy is
achieved. Next step up of advancement is thefourth-order Runge-Kutta routine.
This method is actually a form of step-doubling, each step istaken twice, first a
full step and then two of half the size. Computationally thisis a bit more demand-
ing than the ordinarysecond-order routinebut the gain in accuracy can generally
be counted in factors of ten.

The method used here is anembedded Runge-Kutta formula, in which afifth-
order routineis used to the computational cost of six evaluations for every step.
When dealing with error handling, which is mandatory for theadaptive stepsize
method, not only the evaluated dependent variables steppedforward in time are
needed but also an estimate of how close to the real value the approximation is.
Hence, there are six evaluations in afifth-order routine.The embedded formula
used is :

yn+1 = yn + c1k1 + c2k2 + c3k3 + c4k4 + c5k5 + c6k6 + O(h5), (4.2)

where

k1 = hf(xn, yn)

k2 = hf(xn + a2h, yn + b21k2)

. . .

k6 = hf(xn + a6h, yn + b61k1 + . . . + b65k6),

(4.3)

with the functionsf being the dependent variables;u, θ, ρ and r described in
Equations (3.16)–(3.19). The values of the constantsai, bij andci are those pro-
posed by Cash and Karp, which can be found in Press (1992).
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Error handling

How is it then possible to estimate the truncation error? At first, the full step and
the two half-steps are compared. The exact solution is denoted y(x + 2h), and
the two approximationsy1 for the full step, andy2 for the two half-steps. The two
solutions are related by:

y(x + 2h) = y1 + (2h)5Φ + O(h6) + . . . (4.4)

y(x + 2h) = y2 + 2(h)5Φ + O(h6) + . . . . (4.5)

As Equation (4.4) uses a full step with stepsize2h the truncation error is∼ 2h5

while Equation (4.5) contains two truncation errors of the size h5 as it evaluates
half the stepsize twice. The difference between these two steps represents an
efficiency indicator of the truncation error,

∆ = y2 − y1. (4.6)

It is important not to forget that the specific problem contains different equations,
which, in turn, implies that the error estimate actually is an array of estimates, one
for each variable. To assure the validity of the error-handling function it should
be scaled according to the worst-offending equation for each step.

4.1.2 Bulirsch-Stoer

The Bulirsch-Stoer method1 is based on three key ideas, namely Richardsson’s
deferred approach to the limit, function extrapolation, and a method with a strictly
even error estimation, which allow the polynomial approximation to be in terms of
h2 instead of onlyh. One step with the Bulirsch-Stoer method brings the equation
forward fromx to x + H whereH is not supposed to be a small distance, but
a rather large one.H is, in turn, divided into a number of substeps,n, and for
each stepH it is unknown how far down the substep ladder is needed to go.
The sequence ofn, the number of subdivisions, used here is the one proposed
by Deuflhard (Press, 1992) and looks like:

n = 2, 4, 6, 8, 10, 12, 14, 16 . . . , [ni = 2i], . . . (4.7)

There exists an upper limit on how many of these substeps can be taken in each
major step. Sometimes the intended major step is too large, and subdividing it
more will not make the solution better. In this model the maximum number of
subdivisions is 8, which in the above series representsn = 16. A new major step

1By some regarded as “the best known way to obtain high-accuracy solutions to ordinary
differential equations with minimal computation effort” (Press, 1992)
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is then chosen, and the calculation restarts. The method steps forward using a so
called modified midpoint method, sometimes known as leap-frog method. This is
supposed to be a lot faster than the Runge-Kutta method, but still more stable than
Euler methods. It is based on the following scheme:

w0 ≡ y(x)

w1 = z0 + hf(x, w0)

wm+1 = wm−1 + 2hf(x + mh, wm) for m = 1, 2, . . . , n − 1

y(x + H) ≈ yn ≡
1

2

[

wn + wn−1 + hf(x + H, wn)

]

,

(4.8)

wherew is the intermediate approximation along the mid-point method, while
yn is the final approximation ofy(x + H). To begin with the length of the step
and the right hand side of the equation are evaluated. The name leap-frog visual-
izes the forward step in the method, which is achieved by swapping the place of
the variables so that the endpoint from the last step becomesthe new midpoint,
whereas the old midpoint becomes the starting point in the new step. The differ-
ential equation is reevaluated and subsequently a step forward has been taken. It
can be visualized as taking two steps forward and one back. The midpoint step
ends by taking the average of the steps taken and the result isreturned to the upper
level in the computing process. The result of the substeps taken is extrapolated
towards a zero stepsize, and an error estimate is calculatedand evaluated versus
the predefined error limit. If it is lower than the limit, the process is started over
with a new and larger stepsize for the next step. If, on the other hand, the error is
larger than the limit, the stepsize is decreased and the stepis recalculated with a
smaller stepsize.

Error handling

Similar to the Runge-Kutta method error control and adaptive stepsize are en-
forced. It is crucial to understand that in order to get accurate error control the
scaling of the error is mandatory. The different equations probably differ in mag-
nitude. Hence fractional error control is recommended,∆0 = ǫy, whereǫ is the
accuracy andy is an array of the errors. If the maximum values of the equa-
tions are known beforehand, it is beneficial to scale the error versus the maximum
value of the expectedy-vector, either by creating a constant scaling vector or sim-
ply controlling every step versus a dynamic scaling vector that takes into account
the returned values from the ODE evaluating function.
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4.2 Programming language

The program handling the numerical simulations is written in IDL (Interactive
Data Language), a scientific high-level language that showsmany similarities with
FORTRAN. IDL was developed in the 1970s at the Laboratory forAtmospheric
and Space Physics at the University of Colorado in Boulder. The idea was to
allow scientists to test their hypotheses without having toemploy programmers to
write a new application for every new idea they got. The first version was named
Rufus, and its immediate successors were used to interpret data from Mariner 7
and 9. Later development of the language included primitivegraphic capabilities
and it became a true programming language with a FORTRAN-like syntax. A
few years later RSI( Research System Inc.) were founded, andthe first licenses of
IDL were sold to NASA’s Goddard Space Center and Ball Aerospace. Ever since,
the development continues and the primary users have been inthe space industry.
ESA used IDL to process almost all the pictures of Halley’s comet taken by the
Giotto spacecraft. Astronauts on the space shuttle used a laptop-loaded version of
IDL to study UV-radiation, and the Hubble repair team used itfor diagnosing the
anomalies in the lens. IDL has become a widely used programming language in
the space science community since its birth.

IDL provides many precompiled routines and mathematical methods for solv-
ing different problems. Much of its usability is directed towards graphic analysis
of data and image processing. Thus many of the functions are specialized for this
sort of problems. There are of course pure mathematical solvers as well, e.g., for
ODEs and PDEs, some of them adapted from Press (1992). None ofthese out-
of-the-box ODE solvers were used here, instead all functions and routines were
programmed from scratch, with Press (1992) as a guide.

4.3 A few comments on the numerical methods

Even though it is said that the Bulirsch-Stoer method is a lotcheaper and more
efficient than the Runge-Kutta method, simulations run in the above model show
that a fifth order Runge-Kutta routine with adaptive stepsize is a lot faster than a
Bulirsch-Stoer method. The latter need approximately the same number of steps
but each step in the Runge-Kutta routine is less extensive and hence faster. A
lot of the code used is an adaptation of schemes written for FORTRAN77 (Press,
1992), which differs a bit from IDL. IDL might be of FORTRAN origin but it
has a few major differences. while Fortran is column major2 (one of few) IDL is

2When an array is stored in the linear memory each element in the first column is stored first,
then the next column, whereas a row major language stores thefirst row, then the second row etc.
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row major. Being a more modern language than FORTRAN IDL is optimized for
array handling, something that probably could be made use ofmuch better.
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Chapter 5

Results and discussion

The model described leaves to the author to decide the size and other initial pa-
rameters of the eruption plume. It can be everything from a small geyser to a
volcanic eruption of apocalyptic proportions. Three differently sized plumes were
modeled and will be discussed. Initial parameters and sizesof the plumes are
listed in Table 5.1.

Table 5.1: Initial parameters (z = 0) of the modeled plumes and the maximum
plume height. The initial density follows directly from thevelocity and tempera-
ture, whereas the mass flux and the heat flux depends on the other initial parame-
ters.

Small geyser Large eruption Epic eruption
Initial velocity,u0 [m/s] 10 100 120
Radius of vent,r0 [m] 0.5 20 50
Initial temperature,θ0 [K] 150 300 450
Initial density,ρ0 [kg/m3] 1.85 0.93 0.63
Mass flux at vent, [kg/s] 14.5 116000 581000
Heat flux at vent, [MJ/s] 3.26 5230 392000
Maximum plume height [m] 1153 14502 28101

5.1 Results

As discussed in Section 3.3 the importance of the entrainment rate in the model
is very high. Yet it is hard to determine due to the fact that itexists only as an
empirically established constant here on Earth. A comparative plot was made to
find a correlation between the maximum plume rise height and the entrainment,
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Figure 5.1: The impact of entrainment on plume height for thethree different
plume-sizes. The solid line corresponds to a volcanic eruption of epic propor-
tions, the dashed line corresponds to a large eruption and the dotted line shows
the impact on a small geyser.
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see Figure 5.1. Asα → 0 the plume heightz → ∞. This is an inherent flaw in the
model. If no entrainment occurs, the plume will continue to rise. The two large
plumes will both reach the tropopause ifα is about a magnitude smaller than on
Earth. In the stratosphere above the tropopause the atmosphere is conditionally
stable as on Earth which means that the plumes will spread outin the turbulent
tropopause. The value ofα was chosen to be0.01, about a magnitude smaller than

Figure 5.2: The development of a small geyser, with notations as in Figure 3.3.

on Earth. This decision was mainly due to the much larger eddyviscosity in the
Titan atmosphere, taking into account that the viscosity ofthe involved gases is
approximately equal to that on Earth, (see Section 3.3). Henceα does not decrease
linearly with the eddy viscosity of the Titan atmosphere. The three different-sized
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plumes described in Table 5.1 were modeled and their evolution can be seen in
Figures 5.2-5.4.

Figure 5.3: The development of a large eruption, with notations as in Figure 3.3.

5.1.1 Latent heat and condensation

In Section 3.1.4 the possibility of adding a term for latent heat and condensation
is evaluated. The numerical value for the latent heat,L is given in Table 3.2,
whereas the condensation rate is yet another value that is hard to predict. Models
from Barth (2003) and discussions with her led to the assumption that a condensa-
tion rate,ω ≈ 10−5 s−1 could be used. Including these numbers in the simulation
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of a small geyser (see Table 5.1) result in a plume development according to Fig-
ure 5.5.

Figure 5.4: The development of an epic eruption, with notations as in Figure 3.3.

As can be seen in the figure the plume rises approximately100 m (≈ 10%)
higher than for a plume where the release of latent heat is notaccounted for. When
modeling the larger plumes the added energy is almost negligible (the plume rises
≈ 1% higher in the atmosphere). A condensation rate of10−5 s−1 is very slow,
but it still makes a difference on the plume which suggests some importance of
the plume temperature, as pointed out also by Glaze and Baloga (1996).
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5.1.2 Importance of the different parameters

Of the variables in the model only three can be arbitrarily chosen,up, θp, and
rp. The fourth,ρp, follows as a direct result ofθp and the ambient pressureP .
Furthermore, if the model is supposed to be valid for Titan,P has to be kept at
Titan surface pressure, as well asθa has to be kept at Titan temperature. The
value of α can also, somewhat, be seen as a variable as it is not numerically
derived. Even though it does depend on outer parameters it isnot known in the
case of Titan. It is constant in the calculations, but needs to be given a numerical
value before the simulations start. On Earth this value is empirically found to be
0.09−0.1, while on Titan it is assumed to be a magnitude smaller,0.01, due to the
more inert atmosphere and higher eddy viscosity. To find out the impact of these
variables on the maximum plume height each of the parameterswas changed by
10%. For comparison all plume-dependent variables were changed one by one so
as toincreasethe plume height. Henceα was decreased by10%, while the others
were increased by10%. The results are listed in Table 5.2. It turns out thatα is the
parameter with the strongest influence on the plume height. The parameter that
has the least impact on the plume height is the temperature, the single parameter
responsible for the buoyancy of the plume. Concerning the plume height, the rate
at which ambient material is entrained into the plume is muchmore important
than the actual buoyancy of the plume.

5.1.3 Replenishing the atmosphere

How often do these outbursts then have to occur to keep the amount of methane
in the atmosphere relatively stable? With the listed assumptions for the plume
model, the eruption time need to be much longer than the time for a particle to
travel from the vent to the top of the plume, which in all the modeled plumes is
approximately10 minutes.

A small geyser

Every second200−300 kg of methane is destroyed on Titan by photodissociation,
while a geyser of the modeled size spews out14.5 kg/s. If this was the only way
of replenishing the atmosphere on Titan, at any given secondapproximately16
of these geysers would need to erupt. On Earth geysers are geothermally driven,
something that could also be the case on Titan. If such geothermal energy is
related to the tidal effects of Saturn it is reasonable to assume one eruption every
192 hours (half a Titan day). If an eruption lasts30 minutes more than6000 active
geysers are needed globally to replenish the atmosphere. OnEarth no geyser is
known to be regularly active for more than a few hundred years. Hence to keep the
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Figure 5.5: Evolution of a small geyser if a factor for latentheat is included in the
simulation. The extra term allows the plume to rise almost10% higher than if the
release of latent heat is not accounted for, compare to Figure 5.2. Notations are as
in Figure 3.3.
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Table 5.2: The impact of different parameters on the plume height. One at a time
the parameters are increased by10%, exceptα, which is decreased by10% to
make the plume height increase for all changes, in order to compare their impact.
The single most important parameter is in all casesα, while the temperatureθ, and
hence also the densityρ, is the least important parameter concerning the plume
height.

Tested
parameter

Original value New value Max plume
height [m]

Small geyser
No change 1153

u0 [m/s] 10 11 1170
θ0 [K] 150 165 1164
r0 [m] 0.5 0.55 1206
α 0.01 0.009 1210

Large Eruption
No change 14502

u0 [m/s] 100 110 14876
θ0 [K] 300 330 14612
r0 [m] 20 22 15309
α 0.01 0.009 15397

Epic eruption
No change 28101

u0 [m/s] 120 132 28954
θ0 [K] 450 495 28293
r0 [m] 50 55 29931
α 0.01 0.009 30134
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methane level relatively stable on a geologic timescale geysers alone are probably
not the answer.

A large eruption

If larger cryovolcanic eruptions are to be a plausible assumption for replenishing
the atmosphere on Titan, small geysers probably exist too. Assuming that these
small geysers add50 kg of methane every second,150-250 kg/s still need to be
accounted for. A large eruption as modeled might last for10 hours, and during this
time it will spew out4.2·109 kg of methane. This will cover the methane ’need’ on
Titan for almost a year, and for every active volcano on the surface an extra year
of reloading time is added. Cassini has observed Titan close-up for more than
a year now and clouds that appears and disappears fast are notunusual. These
clouds could be remnants of a cryovolcanic eruption according to the simulations
presented here.

An epic eruption

An epic eruption can be assumed to last longer than the smaller ones.50 hours
of spewing out methane into the atmosphere is seen as a reasonable eruption time
in this case. As for the large eruption, active geysering is assumed to occur too
at a constant rate over the whole moon. The epic eruption willinject enough
methane into the Titan atmosphere to last for25 years, which is a rather short time
geologically.

5.2 Discussion

These large injections of methane into the Titan atmospherewill of course change
the chemistry within it, at first locally but as time passes the clouds will spread
out, and larger areas will be affected. The largest eruptions will supersaturate the
atmosphere and perhaps even change the rate at which methaneis photodissoci-
ated.

Depending on the entrainment constant, even a modest-sizedplume will be
able to push methane high enough in the troposphere to cause clouds to form.
Such clouds can be observed, not only from the Cassini orbiter but also from the
Hubble Space Telescope and observatories on Earth. The smaller geysers proba-
bly do not send methane high enough in the atmosphere to form clouds. Whether
plumes will actually form clouds needs to be better understood and included in the
model. Other parts of the model that also needs to be better modeled is the term
dealing with the condensation rate and the latent heat. It isnow a linear factor
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based on a constant condensation rate for this complex process, which might be
an oversimplification. Ambient pressure as well as the partial pressure of methane
in the plume also has to be taken into account in a more detailed way. The amount
of cloud condensation nuclei, an important parameter for the condensation rate,
in the entrained airmass is a parameter that depends on the altitude as well as the
longitude. This needs to be well understood if it is to be usedin the model.

Many assumptions have been made to facilitate the equationsfor the different
gases included in the model. The ideal gas law can often be assumed to be appli-
cable, but when the gases exist at these low temperatures andsuch high pressures,
intramolecular forces might need to be taken into account, and the more precise
van der Waals-equationused instead. It is also known that nitrogen and methane
form a non-linear gas complex. Hence a more deliberate modelmight need to be
used.

The entrainment constant used here is an assumption based onthe larger eddy
viscosity on Titan. It still needs to be better understood here on Earth before a
more reliable assumption can be made for Titan, which, in turn, would require
better data on the atmospheric conditions on Titan. If the entrainment rate is very
low the plume will act as a pipe, where outgassed methane pushes the overlaying
methane upwards so that the plume behaves differently. Finally, also the conden-
sation rate needs to be better known.

5.3 Further development of the plume model

Apart from the suggestions made above, which generally concern the chemistry
of the plume constituents a few physical issues might need tobe refined to further
develop the plume model. One example is that it does not take into account the
effects of wind, which are known to sweep Titan. In addition when the plume
rises in the atmosphere with a velocity it will not only give rise to turbulence at
the shear layer between the plume and the ambient atmospherebut there will also
be a certain drag term that should be accounted for.

Basically the plume model is a problem dealing with turbulent motion, which
is difficult to introduce in any atmospheric model since it isa problem of chaotic
nature. Furthermore, the conditions at which the model is simulated are not com-
pletely understood. It can only be said that turbulence exists and influences the
plume to a certain degree. Maybe the only accurate way to knowfor sure is by
accurate observations, either on Titan itself or by recreating Titan conditions on
Earth in a wind tunnel, something that is discussed at NASA Ames.
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Appendix A

Derivation of equations

A.1 The bulk parameters

The equations governing the bulk parameters are derived from local mass conser-
vation for a control volume, as given by

d

dz
[ρpur2] = 2αρaur, (A.1)

wherez is the altitude,ρ is the density,g is the gravity,u is the vertical velocity,
r is the radius andα is the entrainment rate. The subscriptp denotes plume pa-
rameters whilea denotes ambient atmospheric parameters. The left-hand term of
Equation (A.1) will in the following derivations be referred to asM :

M = ρpur2, (A.2)

as it is the mass flux of the plume atdz.

A.1.1 Velocity

The change in momentum flux,Mu, is due to the buoyancy of the plume, and can
be described as:

d

dz
[Mu] = g(ρa − ρp)r

2. (A.3)

The rate of change of the vertical velocity,u, is then given by

d

dz
[Mu] = u

dM

dz
+ M

du

dz
. (A.4)

Hence,

du

dz
=

g(rρa − ρp)r
2

M
−

u

M

dM

dz
, (A.5)
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which with Equation (A.1) and (A.2) then give

du

dz
=

g(ρa − ρp)

ρpu
−

2αu

r

ρa

ρp

. (A.6)

A.1.2 Radius

The rate of change of the radius can be derived from the conservation of mass
(Equation A.1):

r2 d(ρpu)

dz
+ ρpu2r

dr

dz
= 2αρaur. (A.7)

Differentiation rules for the products give

r2u
dρp

dz
+ r2ρp

du

dz
+ ρpu2r

dr

dz
= 2αρaur. (A.8)

Finally:

dr

dz
= α

ρa

ρp

−
r

2

[

1

ρp

dρp

dz
+

1

u

du

dz

]

. (A.9)

A.1.3 Temperature

The temperature flux depends partly on the heat- and mass-exchange between the
plume and ambient atmosphere due to entrainment as well as adiabatic tempera-
ture changes due to the decreased pressure. This gives the following equation:

d

dz
[MCpθp] = 2αρaurCaθa − ρaur2g, (A.10)

whereC is the heat capacity andθ is the temperature. The first term on the right-
hand side,2αρaurCaθa, is the heat flux due to entrainment while the second term
is due to adiabatic heat loss. Again the laws of differentiation of products gives:

MCp

dθp

dz
+ θpCp

dM

dz
+ θpM

dCp

dz
= 2αρaurCaθa − ρaur2g. (A.11)

Equation (A.1) and( A.2) the gives

dθp

dz
=

2αρaurCaθa

Cpur2ρp

−
ρaur2g

Cpur2ρp

−
θp2α

r

ρa

ρp

−
θp

Cp

dCp

dz
, (A.12)

which can be reshuffled into

dθ

dz
=

2α

Cpr

ρa

ρp

[

Caθa − θCp −
gr

2α

]

−
θ

Cp

dCp

dz
. (A.13)
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A.1.4 Density

The density is calculated from the equation of state,

ρ =
P

Rθ
, (A.14)

whereP is the pressure andR is the gas constant. Differentiating both sides with
respect to the altitude,z, gives:

dρp

dz
=

d

dz

[

P

Rpθp

]

. (A.15)

All terms on the right-hand side depend onz, which gives

dρ

dz
=

1

(Rpθp)2

[

Rpθp

dP

dz
− P

dRpθp

dz

]

=
1

(Rpθp)2

[

Rpθp

dP

dz
− P

(

Rp

dθp

dz
+ θp

dRp

dz

)]

=
1

(Rpθp)2

[

RpθpP

(

1

P

dP

dz
−

1

θp

dθp

dz
−

1

Rp

dRp

dz

)]

.

(A.16)

The Equation of state (A.14) and simplifying the expressiongives,

dρp

dz
= ρp

[

1

P

dP

dz
−

1

θp

dθp

dz
−

1

Rp

dRp

dz

]

. (A.17)

A.2 Heat capacity

The heat capacity,Cp, and the gas constant,Rp, of the plume change as atmo-
spheric gases entrain the plume according to

dCp

dz
= (Ca − Cp)

2α

r

ρa

ρp

. (A.18)

The initial mass flux (z = 0) is denotedI

I = ρ0u0r
2
0. (A.19)

The heat capacity of the plume,Cp, at a given altitude as a linear function of the
initial heat capacity and the heat capacity of the entrainedmass

Cp =
I

M
· Cm + (1 −

I

M
) · Cn, (A.20)
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where the subscriptm denotes initial plume material, pure methane, anda atmo-
spheric material, which is taken to be nitrogen. Hence,

d

dz
(MCp) =

d

dz
(ICm + CaM − ICa). (A.21)

If the heat capacityCa andCm do not change with the altitude,z, nor will I, then:

dCp

dz
=

Ca

M

dM

dz
−

Cp

M

dM

dz
. (A.22)

With Equation (A.1) this leads to

dCp

dz
= (Ca − Cp)

2α · ρa

r · ρp

. (A.23)

The gas constant and the heat capacity are both intrinsic parameters of the gas
constituents of the plume. Hence, it can be assumed that the rate of change for the
gas constant is governed by the same equations as the rate of change for the heat
capacity.
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Appendix B

Derivation of numerical values

B.1 Heat capacity

The heat capacity of gases at100 K differs slightly from that at room temperature.
The equations used to find the values at an arbitrary temperature are empirical and
the following numbers and equations are taken from Reid (1978). The general
equation can be described as:

Cp = A1 + A2T + A3T
2 + A4T

3, (B.1)

whereT is the temperature in Kelvin. Using the specific values for methane, the
above equation becomes:

Cm = 1.925 + 5.213 · 10−2 T + 1.197 · 10−5 T 2
− 1.132 · 10−8 T 3, (B.2)

and for nitrogen,

Ca = 3.115 − 1.357 · 10−2 T + 2.68 · 10−5 T 2
− 1.168 · 10−8 T 3. (B.3)

B.2 Latent heat

For the latent heat the same reasoning applies. Using, once more, values and
equations from Reid (1978) one gets the following equation for calculating the
latent heat for methane at100 K:

L = 2.3025 ·
R

m

(

437.54809−
3197.7024

T
+

463701.06

T 2

)

, (B.4)

whereR is the universal gas constant, andm is the molar mass.
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