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Chapter 7

Impact Measurements

"Why, then the world’s mine oyster, which I with sword will open”
i William Shakespeare
The Merry Wives of Windsor

"For my part, I iravel not to go anywhere, but to go. | travel for travel's sake: the great
affair is to move, to feel the needs and hitches of this life more nearly, to come down from
this feather-bed of civilisation and find the globe granite underfoot and strewn with cutting

I flints'

Rabert Louis Stevenson
Travelling Upon a Donkey in the Cevennes

7.1 Introduction

The assessment and Phase A studies both identified impact accelerometry as a useful
surface measurement, in part because of the assumed presence of accelerometers for entry
dynantics measurements. Both the HASI and SST experiments carry accelerometers,
although little in the way of preparatory theoretical or experimental work was done on
assessing what science could be determined from the measurements, with "probe response to
impact’ being the stated measurement objective. In part, this is due to lack of manpower
(actual development of the instrumentation being perceived as more important than
considering its interpretation) and in part due to the paucity of information on the structural

properties of the final probe design.

The present author played a large role in predicting the expected impact profiles for both
solid and liquid impacts, and specifying the required measurement ranges and sampling
frequencies for both the SSP and HASI accelerometers. As mentioned in the previous
chapter, it was decided to optimise the 55T accelerometers for an impact on a solid, with

those on HASI optimised for impact (and post-impact) dynamics for liquid surfaces.

7.2 Review

As described in Lorenz (1994b) the landing loads for spacecraft on liquid surfaces is fairly

well-documented as a result of work on the Mercury, Gemini and Apollo programmes. A
fairly simple ‘added mass' method can be used to compute decelerations; this method is also

used for evaluating ditching loads on aircraft (Leigh, 1988).
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Literature on spacecraft impact loads on solid surfaces is rather more scattered: a list of
relevant references may be found in Lorenz (1994b). The subject is furthet complicated by the
large amount of work on penetrators (i.e. long, slender vehjdet.} designed to penetrate a
significant distance into the surface material. The dynamics of such vehicles are
complicated, since they are acted upon by frictional forces along their length as well as by
forces at their tip. Although empirical relations (Young, 1967) exist for predicting their
depth of penetration and deceleration loads, the deceleration profiles are complicated,

even for uniform surface materials.

The influence of a "penetrator’ mindset is evident in the evolution of the S5F accelerometers.
This is perhaps unsurprising, since before the ESA M1 mission selection of Huygens, effort at
UKC had been focussed on an asteroid mission, Vesta. When Vesta (which featured a
number of asteroid penetrators) was not selected, efforts to utilise or 'recycle’ development
work on Vesta instruments (accelerometers and thermal properties) led to these instruments

playing a large role in 55F,
7.3 ACC-E

Originally the coneept for an impact accelerometer on S5P was to place a piezoelectric
accelerometer on a short stub (on which was also mounted the XRF subsystem). As the S5P
and probe design evelved in Phase B1, with a glass-fibre top-hat and thin fore-dome, a
'pylon’ was envisaged - a slender but stiff structure to put the accelerometer as far forward

as possible, yet have it as strongly-coupied as possible to the experiment platform.

In Phase B2, in summer 1991, the author (then part of the ESA project team) was asked to
examine whether this location and mounting was suitable. | found (R Lorenz, unpublished
memo 24,/9/91) that the location was acceptable, but that the transducer was
inappropriate. Ultimately it is force that is the desired measurement, since it is this
quantity (an ‘effort’ variable in transducer theory) which is generated by the surface
material. Usually, in a rigid body such as a penetrator, this force produces an acceleration
{a ‘flow’ variable in transducer theory), with the two quantities related by Newton's
Second Law.

However, the acceleration of the pylon does not depend only on the soil force acting on it,
but also due to the foree at its mounting on the experiment platform. While in shape the
pylon may resemble a penetrater, in dynamic terms it does not, If the pylon were perfoctly

rigid, the accelerometer could equally well (and more safely) be put at its base, near the
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experiment platform, although both there and in its original location it would be

susceptible to structural oscillations. '

Thus, to eliminate these uncertainties in dynamics, it was proposed (Lorenz 24,/0/91} to use a
force transducer on the tip of the pylon, thereby measuring the force directly. A force
measurement at the tip helpfully eliminates the effect of frictional forces along the pylon's

length.

In order to minimise the changes to the 55P electronics design, a piezoelectric force sensor
was suggested (strain gauges may have worked, although it was not certain that their
bandwidth would have been adequate). Commercial force washers were expensive and
presented some materials compatibility problems: it should be remembered that low
outgassing, coupled with operation at eryogenic temperatures, was required. Thus it was

decided to develop the transducer at UKC.,

The initial development configuration used a plezoelectrie disc (made of Lead Zirconate
Titanate - PZT) sandwiched between two brass screw fittings, with the assembly held
together with an epoxy adhesive. The brass screw fittings allowed experimental penetrator
tips (conical and hemispherical) to be attached, and different pylons (kevlar- or carbon-
reinforced plastic tubes, of 8 and 14mm diameters) to be used.

Signals from the transducer were amplified and passed to a home-made A/D converter,
sampled by a BBC microcmputer (the BBC's internal ADC was too slow). Data was
extremely noisy, but it was determined that the hemispherical lip gave a better (stronger)

signal, with less structural ringing.

[t was also noted, during the many breakages of the transducer, that a cdesign held together
with adhesive was not adequately robust. Thus the second generation of designs had a PZT
washer as the sensing element, with the tip held onto the base by a bolt. These tips were
28mm in diameter, and were made of steel. An innovation suggested by Z Krsynski was the
incorporation of a small electrode on the PZT washer to allow stimulation of the sensor for
in-flight health verification. Two heads were made, one with the PZT washer exposed,
the other with a lip which restricted sideways movement (at the suggestion of Al Seiff),
These two sensors gave much better results, when used with an improved PC-based data

acquisition systemn, the SMU (Stimulus and Monitoring Unit).
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Interestingly, by examining the Fourier transform of the sensor's response to hammer blows,
it was possible to discriminate between a hammer tap on the apex and on the side of the
sensor. These taps presumably excited different osdllation modes of the support pylon.

Assembly of the sensor with the lip was very difficult, and the device gave no performance
improvement, so the unlipped design was adopted. The next and final step in the ACC-E's
evolution (summarised in figure 6.1) was the scaling down and the substitution of materials
to reduce mass. Scaling to 14mm diameter reduced the transducer's mass by a large factor
{although by forcing the relative sizes of the stimulus and sense electrodes, it rather
complicated the calibration of the sensor : see Iater). Also aluminium was used as the
material for the support collar and pylon, and titanium for the penetrator head (which
could suffer rough treatment during test and calibration). An additional design aspect was
that the pylon was now mounted on the top hat, rather than directly on the experiment
platform.

The detailed design of the ACC-E subsystem, and its calibration, is deseribed in Lorenz et
al. (1994). The following comments describe small changes since that paper was submitted.

First, as details of the electronics emerged from RAL, it was realised that the stimulator
circuit which would allow in-flight health checks of the system itself needed protection
from the possible high voltages developed during test or accident. Thus a large capacitance
was put befween the stimulus and ground lines: the effect of this is to effectively remove the
charge generated across these electrodes by the transducer. Since this charge is coupled
capacitively to the sense electrodes, the force-voltage characteristic of the transducer is
affected,

Second, an improvement has been made in the absolute calibration. Under my direction,
Mick Willett wrote a program (Willett, 1924) to simulate the foree-time profile of an
impact of a lump of material onto the ACC-E transducer. This allows the prediction of the
peak force produced by the ACC-E calibration jig, if the material properties (Young's
Modulus E) are known.However, the quoted values for this quantity vary (e.g. 7-70Mpa in
the Southampton Engineering Data Book). Sinee the peak force is proportional (MeCarty
and Carden, 1962) to E%4, this leads to a 60% uncertainty in the value of the force produced
by the jig.

However, since the program generates a force profile, as does the instrument, these profiles
may be compared, The force profile (for the rubber impactor, dropped from position 4 on the
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Figure 7.1 ACC-E Impact penetrometer evolution ( top to bottom) First adhesive-bonded
mockups, then large bolt/wather type, eventually scaled down to flight size

! The intermediate stage and flight versions are seen in the TV programme (Balburni
i 1994)
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calibration jig i.e. impact speed 1.3 ms-1) varies as a function of the assumed value of E (see

figure 7.2)

The voltage as a function of time produced by the sensor {rubber impactor, position 4, with a
8nF capacitor across the sense and ground electrodes) is shown in figure 7.3, Two profiles are
shown, indicating good reproducibility of the measurement. It is seen that the profile falls
to zero is ~3.5 ms, corresponding closely with the curve in figure for E=20M Pa. Further
numerical experiments suggest that the range 18-20MPa is consistent, corresponding to

values of the peak force of 142-148M.

Considering the various other uncertainties (including, significantly, the value of the
capacitor used across the sensor during calibration) it is probable that the absolute
calibration is good to ~5%.(Note that variations in force are measured to 8 bits using a
logarithmic amplifier, so variations in force during the impact are measured to ~1%) Note
that although a logarithmic amplifier is used, which allows a useful dynamic range with
only an 8 bit measurement, with higher resolution sampling {e.g. 12 bit), a linear
amplifier/filter, or perhaps even only a acapacitor, could be used. In the earlier stages of
the ACC-E development (before much experimentation had been perfonned}, the range of
forces that should be measured was expected to be somewhat larger, so a logarithmic
amplifier was selected. In much the same way, the use of titenium for the penetrator head
is probably 'vestigial': the calibration stimuli envisaged used metal impactors which
would have damaged an aluminium tip, but the teflon and rubber impactors now used could
allow the substitution of aluminium for titanium, although the cost and mass saving would

be very modest.

Some sample measurements for drops (5 ms1) of the sensor mounted on a Skg steel mass by a
small pylon into various materials are shown in figure 7.4 . The 'spiky’ appearance of drops
onto gravel may be noted. It is seen that the spacing between the peaks, and their
magnitude depend the particle size (sce also Newton, 1994 for discussion).Figure 7.5

illustrates this correlation.

7.4 Internal Accelerometry

Impact accelerometry in general, and the impact dynamies of the Huygens probe have been
investigated in some detail by myself (Lorenz 1994b). Here I describe only the accelerometry
instrumentation itself, and the work performed on interpretation methods.

The HASI accelerometers are the following:
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Figure 7.2 Theoretical force profiles produced by calibration jig with rubber impactor dropped
from position 4, as a function of assumed rubber Young's modulus E
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Figure 7.3 Transducer respense to calibration force pulse (rubber impactor, position 4),
Reproducibility is very good - the two examples here are virtually identical.
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Figure 7.4 Penemometer force profiles (arbitrary units) after pseudolog amplification.
Abscissa 1s dme, sampling at 10kHz, so sample 200=20ms. Profiles (a) for sand show
4 power-law rise, with a final wiggle due to impact of the drop weights. Profiles (b)
show impacts into grey stone clay, and show a broadly constant resistance



Lmall Gravel t Small Gravel 2

1

A0

]

in g

0

l='1'-| 1] 20a Jao 200

Sarmede Muimber
Small Gravel 3 Small gravel 4 Small gravel 5
o
e T ™ oa T T
o Ll
fo |
Ao g
A . .
a 1o a8 Jee U] ) 106 1] ann a0
Sargiy Kumbar Samgle Nasbar
Haddhpn graval 1 Medium Geavel 2
o . 128
L] " a
m oy la] o] I ABg [} rom Tnn <an e
lismede Humiyay Sanie Numaar
Medium Gravel 3 " Medium Gravel 4 Medium gravel §
T T T 709 T . 1 ) g
m 'QNWJ% m m
L1 238 Jon R L] ] rag 60 ane &om a g 730 208 —I'M
Samrgds Hunise

Hwpia e
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1 Sunstrand QA-2000-020 electroragnetic servo accelerometer, mounted at the cg of the
probe along the X axis (i.e. the spin axis of the probe, nominally vertical at impact).
3 Endevco 7264 A-2000T piczoresistive accelerometers, also mounted at the probe cg,

measuring in three orthogonal axes

The servo accelerometer is sensitive (few pg resolution) for eniry measurements, but has a
range of only 25g, and its bandwidth is limited (by the servo loop) to 100Hz. Thus the servo
accelerometer is not used for impact measurements, as it would respond too slowly to impact

accelerations.

The piezoresistive accelerometers are sampled during descent at 50 samples/second, with
data averaged over 1 second intervals and telemetered. Near the surface, the measurement
rate is increased to 400 samples/second along the X-axis, and 50 samples/second in the Y and
Z axes to accurately characterise the splashdown and subsequent bobbing in the event of a
liquid landing . These transducers are able to measure to ~2000g, but due to the configuration
of the sampling electronics {designed to maximise entry sensitivity to give 50 mg resolution),
their upper limit is 20g. Thus, the HASI sensor suite will characterise liquid impacts well

{~10g), but do not have sufficient range to cover impacts on regolith or harder materials.

However, S5F carries an Endevco 22714 piezoelectric accelerometer, mounted on the SSPE
box, about 25cm from the probe centre. This accelerometer is sampled at 500 samples/second,
giving a good profile of both liquid and solid impacts, and allowing (hopefully) the
identification and removal of features in the accelerometer profile due to structural

oscillations of the probe.

Since this accelerometer is near the edge of the probe, angular accelerations at impact may
give an additional component to this signal. Hopefully, however, combination of HASI and

S55P ACC data, with that of 55P TIL, should allow the extraction of this component.

Interpretation of accelerometry relies on the ability to discriminate the effects of the
mechanical properties of the probe on the accelerometer signal from the effects of the
mechanical properties of the surface material. Thus knowledge is required of the effect of
the coupling of soil mechanical properties to the probe (largely a problem of geometry - see
seclion 7.2, and Lorenz 1994b) and the probe's response, which depends on the strength and

stiffness of its structure.

The concept for interpretation of the probe response envisaged in the SSP proposal was to

use a physical model of the probe, named DYN (‘dynamic'), in drop tests. This would have



required flight-representative models of the main probe structural elements, such as the
experiment platform and fore-dome. These would have been expensive to procure, and many
of the drop tests would have been destructive (although it should be noted that the
proposal was based on the Phase A design of the probe, which was somewhat more rigid

than the eventual configuration - see chapter 5}

As the probe design evolved, it emerged that the fore-dome would not sustain a large load:
thus the main load path for loads due to the soil on the bottom of the probe at impact would
be through the equipment boxes on the underside of the experiment platofrm, rather than
through the fore-dome and its attachment points. Obtaining or building boxes with flight-
representative structural characteristics (which would require the cooperation of
experiment feams and the various probe subsystem contractors - not just the inner structure
subsystem contractor CASA, who supply the fore dome and experiment platform) would be

impracticably expensive.

Thus a numeric model was set up, modelling the probe boxes as a set of (non-linear) springs,
making engineering guesses as to the structural properties of the various boxes. The model is
described in detail in Lorenz (1994b) Setting up the model with realistic parameters relied
on the availability of engineering drawings of the GCMS, ACP and S5F structures, and that
of the large PCDU box; the author's close association with the project team was useful in
obtaining these drawings. In the {(unlikely) event of test data, or spare models of these

boxes, becoming available, it will be useful to update the model parameters.

The model also includes the load path due to the fore dome. A linear law was assumed, first
for simplicity, and second, model test data on the Apollo heat shield structure (Stubbs,
1967) indicated a broadly linear force-deformation characteristic. 1t was further foumd.
during nurmerical experiments with the model (Appendix in Lorenz 19494b) that the
acceleration profiles are relatively insensitive to realistic variations in the force-

deformation characteristic of the fore-dome.
Acceleration profiles are indicated in figure 7.6.
7.5 Analysis and Interpretation

The Huygens instruments will provide acceleration or force profiles as a function of time

during the impact event.
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The Surveyor landing loads were investigated to deduce soil parameters by generating
simulated force profiles for different soil parameters and comparing visually with those
actually measured (Sperling and Calba 1967). Such a method is probably the most
appropriate for Huygens, since there is only one set of data to examine, and depending on
the other mission results, an appropriate effort invested in analysing the data. In principle
a small catalogue, either on hard copy or in software form, could be built up and compared
with the flight dataset as soon as it is received (assuming, of course, that Huygens survives
the impact).

Given that the probe might not survive, and that liquid impact is possible, and that there
will be cm'iy one set of data to investigate, development of a software catalogue of impact
profiles with some kind of least-squares fitting is probably not justified.

Note that in missions where large sets of data are to be analysed, an automated approach is
worthwhile. For example, the accelerometers on the 'snake’ guiderope of the Russian Mars
94 balloon used to measure its speed (Powell et al. 1993) of traverse across the ground give a
signal that is indicative of the surface that the snake is traversing, and a neural network
method has been found to be an effective way of classifying surfaces (rocky’, 'sand’, etc.).

Generating some characteristic parameters for the various impact signatures is a useful way
of classifying impact types, and of deriving quantitative (albeit uncertain) properties of the

surface material.

Twao obvious parameters, which are transmitted in the 'quick-look' dataset, are the
magnitude fo the peak acceleration signal, and the rise time (the time for the signal to go
from 10% to 90% of its peak value) or the time of the peak relative to the start of impact.
The materials which correspond to various combinations of these parameters are indicated

in figure 7.7.

For the ACC-E signal, for broadly smooth signals, the profile indicates the cohesion of the
material. For low-cohesion materials (suchas sand) the force builds up with time:
mechanical strength increases with depth. Cohesive materials (clay is the extreme
example) jump to an essentially constant value, related to the 'flow pressure’ of the

material.

Note that, in principle, the ACC-E and accelerometer datasets do not necessanly have to be
mutually consistent. The accelerometer signal is sensitive to surface properties averaged

over 0.1-1m?, whereas ACC-F onl v probes a small fraction of this area. Scenarios can be
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envisaged where, for example, ACC-E probes a gravelly gully where fluvial sorting has
removed small particles, yet the probe as a whole feels” a surface dominated by small

cohesive particles,
7.6 Future Work

The work conducted by the author and repdrted here and in Lorenz 1994b,19%4c has shown
that the acrelerometry and impact penetrometry measuremnents allow a qualitative
identification of the surface materials. Further, if the material is weall-sorted in terms of
particle size, analysis of the ACC-E profile gives a quantitative indication of particle size,

although the measurement suffers from small-sample statistical errors.

As may be seen from the graphs of ACC-E response (figure 7.4) , both the spacing and
magnitude of the peaks in the signal correlate with the particle size, Sinee the magnitude
of the peaks presumaniy depends on the mass of the particles (rather than their size per
sg), it may be possible to discriminate blween particles of a given size with low or high
density. After estimating the particle size from the peak spacing, the peak magnitudes for
this size may be compared with those expected for malerials of various densities (see figure
7.8}

Thus, a set of impact profiles for various particle sizes and densities would be valuable:
obtaining such a dataset would be a task commensurate with the effort required in a tvpical
undergraduate project. Steel ball-bearings of a variety of sizes are available (p=7900 kgm-
3); glass spheres (p=2900 kgm™) can be obtained as toy marbles: plastic spheres (p-1000 kg
m3} are available also as toys (Smm diameter spheres are used as ammunition in toy guns,
for example) and finally, expanded polystyrene spheres (p~100 kgm3) are used in making
chemical models. Impact profiles (and the corresponding peak-height and peak-spacing

histograms) for these materials, and combinations of them, would be useful.

Additionally, combinations of particle sizes (e.g. a bimodal one of large particles
interspersed in a finer medium) and combinations of various particle sizes with binders of
varying viscosity {e.g. water, glycerol, clay) would be interesting. Such experiments would
be useful not only for Huvgens, but also in the context of preparations for measurements on

the comet Surface Science Package of the Rosetta mission.
During the experiments reported here (see figure 7.4) the attitude of the penetrometer has
been controlled by dropping down a tube. This is quile inconvenient, since the cable must also

go down the tube, False triggering due to tube friction occurs, and it is difficult to vary the
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impact speed. Additionally, it is not possible to vary the orientation of the penetrometer
independent of its velocity (i.e. the penetrometer always points directly along its velocity
vector). To allow independent investigation of non-vertical orientation and non-vertical

velocity, and apparatus shownin figure 7.9 is suggested for future experiments.
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Figure 7.9 Suggested apparatus for future experimentation with penetrometer. Joints
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Chaptér 8

Acoustic Measurements

The observer listens to nature: the experimented questions and forces her to reveal herself

Georges Cuvier, French Zoologist

Noise proves rothing. Often a hen who has merely laid an egg cackles as if she had laid an
astervid

Mark Twain, American Writer

The potential utility of making acoustic measurements with Huygens was realised early in the
study phase, and the project scientist J-P Lebreton encouraged some interest in this area. Ulamec
performed some studies (Ulamec 1987, 1990) of the backscatter coefficient of various materials, as

well as an investigation of the speed of sound and attenuation coefficient in liquid hydrocarbons.

As mentioned in Chapter 6, the passive acoustic sensing function (with the primary stated aim of
searching for lightning) was adopted by HASI, since it already had a DSP function in its
electronics. Active acoustic sensing (sounding, and speed of sound measurement) was adopted by
SSP in early 1991, with the development being undertaken by L H Svedhem of ESTEC/SSD,

Here 1 discuss briefly the speed of sound measurement, and then go on to describe the sounder, and
how its data may be used to derive information on the surface topography. Some computer
simulations and field tests are illustrated. Finally T make some comments on passive acoustic
sensing and the acoustic environment on Titan.

8.1 Speed of Sound

In a perfect gas, the speed of sound is given by

e=(yRpT/M)U>

where Yis the ratio of specific heats (1.4 for nitrogen) Ry is the universal gas constant (8314 Jkg-1
mol 1), T is the absalute temperature and M is the mean molecular weight of the gas. Substity ting

M=28, T=287 gives c=34(0) ms’}, the standard value for the speed of sound in air.
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In Titan's atmosphere, M~28, T=04K near the surface, so ¢~200 ms-1. The profile of sound speed as a
function of altitude is dominated by the variation in temperature: see figure 8.1. Measurement of
the speed of sound poses a constraint on ¥T/M - if temperature is known, then compositon (v/ M}
can be constrained. Since T should be known with high accuracy by HASI measurements, then
measurement of ¢ allows the molecular mass of the atmosphere to be constrained e.g. the range
allowed by the V1 RO experiment is 28.3-29.2 at the surface (Samuelson et al,, 1981}, suggesting
nitrozen as the dominant constituent, with the range driven by the mixing ratios of argon (M=40)
and methane (M=16). For small mixing ratios of these compounds, the variation in y (1.4 for
nitrogen, 1.313 for methane, 1.657 for argon) is small, and the variation in M controls the sound

speed: 20% argon leads to a sound speed ~3% lower than if no argon is present.

Thus a measurement of c gives a useful constraint on atmospheric composition, although it does not
determine it unigquely. Further, since the methane abundance in troposphere is controlled by its
vapour pressure {and henceis a function of temperature, and altitude) variation in ¢, where T is
known, allows the methane mixing ratio profile to be determined to a useful accuracy, which is

important for understanding moist convective processes, for example.

Because a speed of sound measurement is very brief, it can be made frequently - much more
frequently than the GCMS can sample atmospheric composition. Thus the vertical resolution of
the methane mixing ratio obtained wilth a speed of sound measurement can be considerably higher
than that derived from other instruments such as GCMS (although a PIRLS-type instrument

would be considerably betler).

The speed of sound measurement on 551 is performed between two transducers mounted at the
bottom of the top hat, at the base of the probe. The transducers are separated by ~14cm, leading to

a1 way trip time of -0.7ms.

The altitude at which these measurements can start is driven by the efficiency of coupling
between the transducers (bimorph plezoelectric elements) and the atmosphere, this coupling being
driven by the ratio of acoustic impedances (acoustic impedance = density*speed of sound), Thus at
high altitude (low atmospheric density) the impedance is very low (see figure 8.2), and the
coupling is inefficient, so the signal-to-noise ratio for reception of the signal becomes too low.

(This probilem is in part exacerbated by the fact that the transducer design is a compromise
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between almospheric performance and performance in an ocean). Currently it is anticipated that

speed of sound measurements will be able to take place from an altitude of ~100km.

The altitude resolution is dictated by data rate constraints, which limit the frequency with
which the measurements can be made, Measurements are recorded once per second, leading to an
altitude resolution profile that mirrors the descent velocity (see Figure 5.8 ), reaching about 5m

near the surface.

The time of flight of the signal is measured with an accurate clock . Assuming the transducer-
transducer distance is known to 0.5mm (recall that the transducers distort in order to function, and
there may be some slight deformations of the probe and SSP structure due to aerodynamic loads
and temperature effects) then the speed of propagation of the sound pulse will be known with an
accuracy of ~0.3%. An additional problem (Svedhem, private communication) is that to keep the
pulse bandwidth sufficiently narrow, the pulse itself must be quite wide. Thus an accuracy of
~0.5% may be expected.

The speed of propagation in one direction could be influenced by the component of any wind
velocity in the propagation direction (indeed acoustic anemometers are quite widely used in
meteorological applications, and especially in measuring turbulence for pollution or gas transport
studies, due to the high rate of measurement). However, the measurement is made in both
directions to counter this potential problem, and the transducers are recessed slightly from the

front of the probe in any case, minimising the influence of wind on the measurement.

In an ccean, the speed of sound measurement is a useful diagnostic of composition. Ulamec (1987)
evaluated the speed of sound for various ethane/methane mixtures, varying between 1535 ms™1 for
methane and 1977 ms™! for ethane, although he did not investigate the effects of argon, nitrogen
and other solutes. Taking these factors into account, and assuming the speed of sound can be
measured to an accuracy of 0.5%, then the ethane mole fraction can be determined with an

accuracy of the order of ~ 5% (see chapter &).
In addition to providing a constraint on ocean composition, the speed of sound measurement is of
direct relevance to the interpretation of data from the sounder, both in the atmosphere, and more

importantly in the ocean, where the sounder will constrain the depth.

8.2 Sounder
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The original rationale for the sounder was as a means of establishing a lower limit on ocean
depth. However, it was realised that sounding measurements of the surface could be performed

shortly before impact, to evaluate surface topography.

The principle of the sounding measurement is simple: a pulse of sound is transmitted, and the
reflected signal received, and its time-of-flight noted. At its most simple level, if the beam from
the transducer is considered to be small, the measurement gives the range between the transducer
and the 'illuminated’ spot on the surface: an altimetric profile could be built by allowing the spot
io traverse the surface due to the horizontal displacement of the probe by winds. The spot could

also be ‘painted’ around by pendulum motion of the parachute.

However, such 'beam-limited’ operation has disadvantages: first, the spot only samples a smail
region of the surface. Second, while a narrow beam gives good range performance due to the high
transmit and receive gain, this requires good attitude control of the probe {to a first order, the
attitude of the probe should not change by an angle of the order of the half-beamwidth of the
transducer during the propagation time of the signal. The attitude specification for the descent
control system on Huygens is 0.6%/s, imposed by DISR to prevent motion blur, and would correspond
to a half-beamwidth of about 1° for a measurement from 200m altitude.

On Huygens the beamwidth question is largely academic, since antenna theory shows that to
generate a beamwidth of @ requires a transducer diameter D of the order of 6/L. In the low sound
speed environment on Titan, with c~200 ms}, and for realistic frequencies ~10kHz (see later)
A~2cm. For straightforward accommodation on S5P, D is limited to ~10cm, so the beamwidth is at
least ~0.2 radians, or ~10°. With such a large beamwidth, the sounder is no longer "beam-limited’,
but ‘pulse-limited. For a discussion of these two modes in the context of radar altimeters, see

Rapley (1390} : see also figure 83.

In pulse-limited operation, the footprint (spot) of the transducer is relatively large. However,
because the range to the centre of the spot is considerably less than that to the edge of the spot,
and the propagation times are correspondingly different, the echo of the transmitted pulse is
smeared out. The altimetric accuracy of a beam-limited device is clearly better, since the echo
pulse is unsmeared, but the shape of a beam-limited device contains information on the
topography within the footprint. For a detailed description of the smearing process, see Brown
{1977, and the following section.
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The choice of operating frequency for the spunder is driven by a compromise between strong
attenuation of high-frequency sound (and the thermal generation of noise at these frequencies) in
the atmosphere, and the likely aeroacoustic noise generated by the flow around the probe (see
flgure 8.4) . The optimum operating frequency was felt initially to be around 35kHz (Svedhem
1990}, but a subsequent study (Brochi1991) suggested 20kHz. Transducer performance is alsoa
factor, so the implemented frequency is in the range 15-20kHz.

8.3 Computer Simulations of Sounder Operation

In order to investigate what can be learned from the shape of the echo signal from Titan's surface,
and to define the useful sampling rates and digitisation accuracy for the sounder, computer

simulations were performed.

The acoustic sounder function on Huygens carries an important complication, not found with
classical radar altimeters: the platform (probe) velocity is a significant fraction of the
propagation speed of the signal, such that the transmission point of the sound pulse, and its
reception point cannot be considered to be co-located. E.g. for a 200m altitude, the sound pulse
takes 2s to return, during which time the probe has descended 10m. Since this distance is
appreciable compared with the footprint size and the expected topographic variation, a
correction must be applied. Where the transmitter and receiver of a radar or sonar system are
colocated, the isochrones (or contours of equal propagation time) are spherical: where the two are
displaced by some distance, the isochrones become ellipsoidal.

For these initial simulations, the probe is assumed to be descending vertically with aspeed v. The
transmit pulse is d wide, and is transmitted and received by a transducer whose gain G for an angle

$is described by

G = Gp cos (nev28) for ¢<1.58
G=0 for ¢>1.58 }(”

with Gy the boresight gain, and 20 is the FWHM beamwidth mentioned earlier
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Figure 85 Geometry for echo simulations : signal from probe at altitude h bounces from
surface element at height z(x,y) and retumns to probe, which has descended by a height 8h
during the transit time

134



e e b it et g

T S ——

The boresight is assumed to be vertical. The probe is assumed to be a height h above the nominal
surface. The surface topography is described by a function z=f(x,v) where x and y are orthogonal
coordinates in the horizontal plane, with the sub-probe point at the origin: see figure 8.5.

Thus the transmit range to a point is
Ry= (fhﬂz(x,y}}z + xe +F2}U.3 o

and the one-way propagation time =R/c. To a first order, during the two-way trip of the sound
pulse, the probe will have descended a distance 8h, where

th~2vRi/c (3)
and the corresponding receive range is

Re=((h-8h-z{ x,)-'}}3+x2+y210'5 (4}
Thus the two-way trip time is

t=(Re+Rp}/c {5)

(strictly speaking, since Ry<R;, 5h<2vR:/c these expressions slightly underestimate t, but the

errot is of order {(v/c)%, and can therefore be i gnored),

The magnitude of the echo component from this point z(x,y) is computed as follows. The transmit
pulse has an energy F. The transmit angle ¢ is given by

tan o = (R+y2)05/ (h-z(x.y))) (3]

and the transmit gain G computed from equation X above. The signal is attenuated by a free space
loss (atmospheric attenuation is ignored) of 1/R2, and intercepted by the scattering arca dA at
{z%,y). [t is assumed the surface has a unity reflection coefficient, and scatters isotropically, so
the return echo is attenuated by a factor 1/2xR,2, and multiplied by a gain G, determined from

equ.1 above using
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tan ¢r = ((:2+y2)0.5/(h-dh-z(x,y))) (7)
Thus the echo strength S is
S=PGGdA/RZR,2 (8)

The echo shape is formed as follows: a set of echo time bins E(t) are set up (e.g. 1ms wide) and a
computer program steps through an array of surface positions (x,y) calculating the echo times and
strengths as above. For each (x,y) position, the corresponding time bin has its value incremented
by the echo strength S(x,y). The resultant profile is then smoothed by convolving with a square

window dt wide, to take account of the finite width of the transmit pulse.

Note that I have not been rigorous in preserving conventions of definitions of gain, backscatter
coefficient etc, and units are arbitrary: the object of the exercise was to see how the shape of the
echo pulse was influenced by the topography, and thereby to define sampling rate and resolution

requirements for the flight instrument.

For the simulations, performed in Autumn 1991, a 30x30 grid of (x,y) points was assumed, with
dA=1m?. These values correspond approximately to the footprint defined by the probe 100m
above the surface. Processor speed and memory limitations prevented higher-fidelity simulations
being performed (in principle, it would be useful to have an (x,y) grid with spacing equivalent to
the altitude resolution of the sensor, namely ~10cm.). However, these simulations showed that
useful topographic information could be recovered if the echo was sampled at ~1kHz, with the
relative magnitude of the signal (it was assumed the sensor would have some kind of automatic
gain control (AGC) to limit the dynamic range necded) measured to ~6 bits : these allowed
practicable data rate and volume allocations to be defined for the API-S

Some sample surfaces and their echoes are shown in figures 8.6 and 8.7,

The response from the flat, horizontal surface (figure 8.6a) is quite short (like the transmit pulse),
but slightly rounded and smeared due to the combined effect of beam shape and range spread
within the footprint. As the slope of the surface is increased (figures 8.6b-8.6d) the decay part of
the echo pulse becomes shallower. Correlation of the probe attitude, measured with TIL, and the

decay slope, should be able therefore to indicate the surface slope,
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The original rationale for the sounder was as a means of establishing a lower limit on ocean
depth. However, it was realised that sounding measurements of the surface could be performed

shortly before impact, lo evaluate surface topography.

The principle of the sounding measurcment is simple: a pulse of sound is transmitted, and the
reflected signal received, and its time-of-flight noted. At its most simple level, if the beam from
the transducer is considered to be small, the measurement gives the range between the transducer
and the ‘illuminated’ spot on the surface: an allimetric profile could be built by allowing the spot
to traverse the surface due to the horizontal displacement of the probe by winds. The spot could

also be 'painted’ around by pendulum motion of the parachute.

However, such ‘beam-limited’ operation has disadvantages: first, the spot only samples a small
region of the surface. Second, while a narrow beam gives good ran ge performance due to the high
transmit and receive gain, this requires good attitude control of the probe (to a first order, the
attitude of the probe should not change by an angle of the order of the half-beamwidth of the
wansducer during the propagation time of the signal. The attitude specification for the descent
control system on Huygens is 0.6°/s, imposed by DISR to prevent motion blur, and would correspond

t0 a half-beamwidth of about 1° for a measutemnent from 200m altitude.

On Huygens the beamwidth question is largely academic, since antenna theory shows that to
generate a beamwidth of § requires a transducer diameter D of the order of 8/, In the low sound
speed environment on Titan, with e~200 msL, and for realistic frequencies ~10kHz (see later)
A~2cm. For straightforward accommodation on S5P, D is limited to ~10cm, so the beamwidth is at
least ~0.2 radians, or ~10°. With such a large beamwidth, the sounder is no longer ‘beam-fimiled’,
but ‘pulse-limited". For a discussion of these two modes in the context of radar altirneters, see

Rapley (1990) : see also figure 8.3.

In pulse-limited operation, the footprint (spot) of the transducer is relatively large. However,
because the range 1o the centre of the spot is considerably less than that to the edge of the spot,
and the propagation times are correspondingly different, the echo of the transmitted pulse is
smeared out. The altimetric accuracy of a beam-limited device is clearly better, since the echo
pulse is unsmeared, but the shape of a beam-limited device contains information on the
topography within the footprint. For a detailed description of the smearing process, see Brown

(1877), and the fnllnm'ng section.
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The choice of operating frequency for the sounder is driven by a compromise between strong
attenuation of high-frequency sound (and the thermal generation of noise at these frequencies) in
the atmosphere, and the likely aeroacoustic noise generated by the flow around the probe (see
figure 8.4) . The optimum operating frequency was felt initially to be around 35kHz (Svedhem
1990), but a subsequent study (Broch1991) suggested 20kHz. Transducer performance is also a
factor, so the implemented frequency is in the range 15-20kHz.

8.3 Computer Simulations of Sounder Operation

In order to investigate what can be Iearned from the shape of the echo signal from Titan's surface,
and to define the useful sampling rates and digitisation accuracy for the sounder, computer

simulations were performed.

The acoustic spunder function on Huygens carries an important complication, not found with
classical radar altimeters: the platform (probe) velocity is a significant fraction of the
propagation speed of the signal, such that the transmission point of the sound pulse, and its
reception point cannot be considered to be co-located. E.g. for a 200m altitude, the sound pulse
takes 2s to return, during which time the probe has descended 10m. Since this distance is
appreciable compared with the footprint size and the expected topographic variation, a
correction must be applied. Where the transmitter and receiver of a radar or sonar system are
colocated, the isochrones {or contours of equal propagation time) are spherical: where the two are

displaced by some distance, the isochrones become ellipsoidal.
For these initial simulations, the probe is assumed to be descending vertically with aspeed v, The
transmit pulse is d wide, and is fransmitted and received by a transducer whose gain G for an angle

¢ is described by

G =Gy cos (=¢/28) for p<1.56
G=0 for ¢>1.58 }{'l]

with Gg the boresight gain, and 20 is the FWHM beamwidth mentioned earlier
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minimum at about 20kHz (Figure taken from Broch 1991)

Figure 8.5 Geometry for echo simuia tions : signal from probe at altitude h bounces from
surface element at height 2(x,y) and retums to probe, which has descended by a height §h
during the iransit time :
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The boresight is assumed to be vertical. The probe is assumed to be a heig'ht h above the nominal
surface. The surface topography is described by a function z=f(x,y) where x and v are orthogonal

ceordinates in the horizontal plane, with the sub-probe point at the origin: see figure 8.5,
Thus the fransmit range to a point is
Ri= ((h-z(xy)2 + x* +y2)0:3 (2)

and the one-way propagation time =R/c. To a first order, during the two-way trip of the sound

pulse, the probe will have descended a distance &h, where
h~2vRy/c (3)
and the corresponding receive range is
Rp=((h-8h-z(x,y))24x2+y2)0.5 (4}
Thus the bwo-way trip time is

t=(Re+Rp) /e (5)

{strictly speaking, since Ry<Ry, 8h<2vRy/c these expressions slightly underestimate t, but the

error is of order (v/c)?, and can therefore be ignored).

The magnitude of the echo component from this point 2(x,y} is computed as follows. The transmit

pulse has an energy P. The transmit angle ¢y is given by
tan ¢p = ((x2ry D05/ (h-z(x,y))) (6)

and the transmit gain G, computed from equation X above. The signal is attenuated by a free space
loss (atmospheric attenuation is ignored) of 1/R2, and intercepted by the scattering area dA at

(%), It is assumed the surface has a unily reflection coefficient, and scatters isotropically, so
the return echo is attenuated by a factor l,r’IﬁR,-z, and mulliplied by a gain Gy, determined from

equ.] above using
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tan ¢r = ((x24y2)0.5/(h-dh-z{x,y}}) (7}
Thus the echo strength 5 is
S=PGiGdA/RZR2 (8)

The echo shape is formed as follows: a set of echo time bins E{t) are set up (e.g. Ims wide) and a
computer program steps through an array of surface positions (x,y} caleulating the echo times and
strerigths as above. For each (x,y) position, the corresponding time bin has its value incremented
by the echo strength S{x,y). The resultant profile is then smoothed by convolving with a square

window dt wide, to take account of the finite width of the transmit pulse.

Note that I have not been rigorous in preserving conventions of definitions of gain, backseatter
coefficient etc., and units are arbitrary: the object of the exercise was to see how the shape of the
echo pulse was influcnced by the topography, and thereby to define sampling rate and resolution
requirements for the flight instrument.

For the simulations, performed in Autumn 1981, a 30x30 grid of (x,v) points was assumned, with
dA=1m?. These values correspond approximately to the footprint defined by the probe 100m
above the surface. Processor speed and memory limitations prevented higher-fidelity simulations
being performed (in prnciple, it would be useful to have an {x,y) grid with spacing eguivalent to
the altitude resolution of the sensor, namely ~10cm.). However, these simulations showed that
useful topographic information could be recovered if the echo was sampled at ~1kHz, with the
relative magnitude of the signal (it was assumed the sensor would have some kind of automatic
gain control (AGC) to limit the dynamic range needed) measured to ~6 bits : these allowed

practicable data rate and volume allocations to be defined for the API-S
Some sample surfaces and their echoes are shown in figures 8.6 and 8.7.

The response from the flat, horizontal surface (figure 8.6a) is quite short (like the transmit pulse),
but slightly rounded and smeared due to the combined effect of beam shape and range spread
within the footprint. As the slope of the surface is increased (figures 8.6b-8.6d) the decay part of
the echo pulse becomes shallower. Correlation of the probe attitude, measured with TIL, and the
cecay slope, should be able therefore to indicate the surface slope.

136



L

e | T Te—

R E e M [ AR

!r-l?l im e

il h
‘ il M"h

i
il
-IL'l

'L-u Ih.

|

BLLATR L

HH
'1
Hlld
:Ii
.;‘
I

.

Figure 8.6 Simulated echo shapes from various flat surfaces. Each panel shows the simulated
surface, and the amplitude profile of the returned echo. The surface is 30m square: echo amplitude
is in arbitrary units. Echoes are for h=100m; the abscissa (echo time) runs from (.72 to 0.81 seconds
on each graph. Surfaces are flat, with slopes 0 (a), 1in 20 (b), 1 in 10 {¢) and 1 in 5 (d)
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The response from a faulted surface (figure 8.7a), with two tlat, horizontal sections vertically
displaced from each other by 2Zm, gives an echo that essentially comprises 2 almost discrete
components, each similar to the flat surface response.

A wavy (sinusoidal) surface, which could be caused by ocean swell, or perhaps sand dunes, has a
characteristic double-peaked ‘'saddle’ echo (figure 8.7b), although note that in principle other
topographies could also generate such an echo. In some laboratory experiments conducted in a
small wave tank, Ulamec and Svedhem (1992} noted that wavy surfaces gave a double-peaked
echo shape,

Twa rough surfaces (in 8.7¢, generated by adding some gentle 'bumps’ to a flat surface, and in 8.7d
by repeatedly faulting a flat surface) have broad, irregular echoes, with shallow attack and

decay slopes.

These simulations show clearly how topography may be inferred to a first order from a single
echo shape. The simulations suffer some limitations, however. Small changes in parameters (e.g.
the probe height) lcad to noticeable changes in the echo profile, suggesting that ‘quantization
noise’ due to the relatively coarse topography grid is present. Further, it is assumed that all
surfaces are illuminated by the transmit signal: in principle if the topography is steep, some
surface areas could be shadowed. Further, the isotropic scattering assumed is not valid for all
surfaces: flat surfaces could lead to significant specular reflections. Alsp, the effect of varying
reflection coefficient as well as surface height over the footprint has not been studied.

The author began considering how successive echoes could be combined to build up a topographic
map: since each echo in principle contains information on the distribution of surface height z for a
ring of constant (x24+y2). Wind drift, pendulum motion, and the shrinking footprint of the

transducer would allow some topography reconstruction.

One method would be to define a surface height probability space p(x,y,z). Knowing the probe
trajectory (and it is not yet clear exactly how well this can be reconstructed) then for cach
transmit location and for each echo time bin, an isochronic ellipse can be defined. The probability
of a scatterer {e.g the surface) being present at a location (x,y,z) is presumably higher if (x,y,2) is
on one of these isochrones, Thus each element p(x,y,z) on each isochrone for each transmit pulse
should be incremented by a quantity related to the strength of the echo, range, uncertainty on
probe attitude and position, etc. A topographic map could be derived by setting z(x,y} equal to the
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value of zj for which pixy,2i} was a maximum, after all the increments for all available echoes
had been applied. The method is attractive because it would also offer a measure of how
uncertain the topographic profile is, although would be computationally intensive.

While beyond the scope of the present thesis, an investigation of this topography reconstruction
process would be an interesting and valuable exercise (especially for someone with a talent for
computing), and would be directly applicable to ATFI-S data reduction, and that for the radar

altimeter.
8.4 Field Test

In order to supplement the simulations described above, outdoor experiments were planned for a
prototype sounder. Small-scale tests are readily possible, but it is not clear how representative
these would be of teal putdoor surfaces, especially when model surfaces have variations over
scales of the order of one wavelength and near-field effects become significant. A natural problem
with outdoor tests is how to achieve cluiter-free separation from target surfaces (e.g. buildings,
cliffs) without getting scatter and multipath effects from the ground. The obvious solution i3 to

perform the measurements from an aerial platiorm of some sort.

Fixed-wing aircraft are generally too fast and noisy to make this practicable. Even hang-gliders
have significant wind-speed and aeroacoustic noise, plus operation of a sodar would be
distracting. Helicopters would be an ideal platform , but are also very noisy, and expense is an
important consideration. Suspension from a crane might be practicable if one were found neara
target site of interest, but convenience and expense are factors. (Interestingly, ultrasonie
altimeters have been considered for VSTOL aireraft, despite their noise - Maeda et al., 1970)

A lighter-than-air platform would be ideal, since it can be placed over any target of interest
(weather permitting) and does not require continuous propulsion. The author visited the Vosper
Thorneycroft hangar on Southampton water in February 1992 and flew in the D2 human-powered
dirigible (165m? helium capacity ) designed and built by Dr Graham Dorrington and his students
of the Department of Aeronautics and Astronautics, University of Southampton (Dorrington,
1994).

There were considerable delays in the manufacture and procurement of suitable portable sonar
and data logging equipment, and the Southampton airship programme was interrupted by a fatal
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accident in Sumatra in March 1993. Thus the planned campaign of airborne measurements never

took place.

In summer 1994, portable sonar equipment was finally ready, but using large-beamwidth
transducers (twesters for stereo music speakers). The operating frequency was set at 10kHz, to be
comparable with the API-S performance, but with lower atmospheric attenuation, and to be
casily audible to verify correct experiment operation. The 10kHz signal was sent as a 5ms burst.
As with radar equipment, the receiver (even though it used a separate transducer} had to be
suppressed by a transmit gate, to prevent saturation as the transmit pulse was sent. The received
echo is amplified and sampled by an ADC mated with a portable PC. The whole equipment is
battery powered.

The low directionality implies low gain, so only large targets could be 'pinged', and only at ranges
of a few metres. Indoor experiments proved to be unsatisfactory, due to multiple echoes. Qutdoor
experiments were performed under cover of darkness, (o ensure low ambient noise, and to minimise

embarrassment to the experimenter.

Results are shown in figure 8.8 . Although reproducability was somelimes poor, especially due to
false triggering (cf figures 8.8a and b) and the shapes almost defy interpretation, qualitative
discrimination between targets is at least possible. No attempt has been made to model these
echoes with the simulation method above, in part due to the poorly-controlled conditions
(pointing of the transducers and their beamshape) and the variability of the shape of the
transmit pulse {often saddle-shaped, rather than square).

Figures 8.8a and b show echoes from the front of the UKC physics building, which is flat The echo
is quite spread, in part due to the large beamwidth of the transducers. Note, however, the steep
attack of the echo shape. The slow decay or after-echo may be in part due to multipath involving

ground reflection,

Figure 8.8c shows an echo from a bushy tree, The 'scattering volume' nature of this target, and ils
rounded shape, give a much shallower attack slope.

Figure 8.8d shows a barely-detectable echo from the side of the UKC library, This building has a
‘boxy' buttressed wall, resembling a mortice, or castellation. There arc essentially two reflection
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Figure 8.8 Field test echo measurements; abscissa is time in milliseconds. Panels a and b show
echoes from the flat wall of the UKC physics building at ~4m (note in panel b that the timing of
the return pulse looks incorrect, as the sampling system has been spuriously triggered. The smail
spike at ~12ms is the tail end of the transmit pulse which has not been suppresed by the receiver
gate. The difference between this spike and the start of the echo at 35ms is ~21ms, the same as in
panel a) Panel ¢ shows echo from a bushy tree at ~2m. Panel d shows the echo from the UKC
library building's ‘castellated' wall.
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tergets, spaced in range by about 1.5m, leading to the multiple echo (consider two attenuated
echoes like 8.8a, spaced by —10ms, and the result superficially resembled figure 8.8d).

Thus, the field measurements broadly show that, as indicated by the simulations, useful
topographic information can be inferred from echo shape. However, the field tests to date are
somewhat unsatisfactory. Future experiments, using more powerful (and more importantly, more
directional) transducers, would be of great benefit. Further, airbome measurements would aid

interpretation by eliminating multipath effects.

8.5 Pasgive Acoustic Sensing

The S5 API-5 subsystem is able in principle to record background or ambient noise within its
passband (currently 20kHz+/-500Hz, the bandwidth dictated by doppler shift expected by the
probe’s motion near the surface, with an a_ppropﬁate margin}

Additionally, the HASI PWA system includes a wideband microphone, able to record (by using
the DSP chip of PWA) the power spectrum of ambient noise from a few Hz to 5kHz, witha

resolution of the order of 50Hz.

What might these instruments record? Clearly during descent (see figure 8.4) there will be a
substantial aeroacoustic component. On the ground, however, this nﬁise will cease. Probe-
generated noise on the surface is likely to be small - the ACP pump will have been shut down, so
the only piece of moving equipment on the probe is the tiny shutter on the DISR infrared
channels, which is unlikely to produce a large acoustic signal.

Keanfornality et al. (1983b) were able to infer near-surface windspeeds on Venus by comparing the
amplitude of noise recorded by a microphone on the Venera 12 and 13 landers with that obtained
by microphones on models in a wind tunnel. A similar surface windspeed measurement might be
possible on Huygens, and would be extremely valuable, especially if a landing-induced dusteloud
was present,

Other noise sources such as rain, distant volcanoes, thunder cte. can be speculated upon, but one

noise source is worth investigating, namely that of undersea bubbles. Rainfall and wave action can

lead to the entrainment of bubbles of almosphere, which eventually float upwards and burstat
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the surface, often yielding small acrosol particles. These bubbles play an important role in

transporting materials across the ocean-atmosphere interface.

Bubbles oscillate like little bells, and it is this oscillation that leads to the pleasant musical
‘tinkling' sound of water familiar to us on Earth. The frequency of the oscillation f of a bubble was
investigated by Minnaert (1927), who gave the following expression

f= (1/nd)3xPy/p)05

with d the bubble diameter, ¥ the polytropic exponent {~ratio of specific heats), p the gas density
and P the ambient pressure. The dominant frequency observed on Earth in the oceans during :
periods of moderate rainfall (Scrimger, 1985) is ~13.5kHz, corresponding to a bubble size of 0.5mm.

Taking the same bubble size and imposing Titan conditions gives a frequency of ~20kHz,
interstingly withing the APL-S passband. However, as suggested in the following chapter,
rainfall is unlikely to be heavy on Titan's oceans. Spilling breakers could be another source of

bubbles, however,

The presence of large quantitics of bubbles in liquids on Titan may be inferred from the liguid's
density, it's reflectivily {measured by DISR) and turbidity (inferred from SSP REF external
illumination measurement). Large numbers of bubbles with natural frequencies within the API
passband are likely to make ocean depth measurement difficult - both due to inereased ambient
noise, and enhanced scattering of the sonar signal. On the other hand, detection of bubbles would
be interesting for understanding atmoe g-phere-ocean coupling on Titan ,
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