
Planet[ Space Sci[\ Vol[ 35\ No[ 8:09\ pp[ 0272Ð0281\ 0887
Þ 0887 Elsevier Science Ltd\ Pergamon

All rights reserved
9921Ð9522:87:,*see front matter

PII ] S9921Ð9522"86#99074Ð1

Scienti_c objectives and implementation of the Pressure Pro_le

Instrument "PPI:HASI# for the Huygens spacecraft

A[!M[ Harri\0 B[ Fagerstro�m\1 A[ Lehto\0 G[ W[ Leppelmeier\0 T[ Ma�kinen\0 R[ Pirjola\0 T[ Siikonen2 and T[ Siili0

0Finnish Meteorological Institute\ Geophysical Research Division\ P[O[ Box 492\ 99090\ Helsinki\ Finland
1Laboratory of Aerodynamics\ Helsinki University of Technology\ P[O[ Box 3399\ FIN!91904 HUT\ Finland
2Laboratory of Applied Thermodynamics\ Helsinki University of Technology\ P[O[ Box 3399\ FIN!91904 HUT\ Finland

Received 4 February\ 0886 ^ revised 16 August 0886 ^ accepted 1 September 0886

Abstract[ The Huygens entry probe will be deployed
into the Titan atmosphere by the Cassini spacecraft[
During the 2 h descent the Huygens Atmospheric
Structure Instrument "HASI# will observe a com!
prehensive set of variables and phenomena\
encompassing pressure\ temperature\ density and
atmospheric electricity[ The Titan atmospheric vertical
pressure pro_le will be recorded by the Pressure Pro_le
Instrument "PPI:HASI# provided by the Finnish
Meteorological Institute "FMI#[

The principal sections of the PPI are ]

, sensor boom extending out of the Huygens main
body\

, Kiel probe with pitot tube in the end of the sensor
boom\

, pressure sensors "Barocapþ# inside the Huygens
body\ and

, pressure hose conveying the pressure signal from the
Kiel probe to the pressure sensors[

The decision to measure total pressure instead of static
pressure and the design of the Kiel probe was based on
aerodynamic simulations[ Simulations were performed
for the air~ow around the Huygens probe and in the
vicinity of the tip of the sensor boom[

During the descent the Huygens probe is constantly
changing its attitude[ Hence a pitot tube alone would
not give a reliable pressure reading[ By using the Kiel
probe the total pressure reading is insensitive to the
angle between the streamlines and the Kiel probe up to
34>[

The PPI uses pressure sensors with three di}erent
sensitivities to cover the pressure range of 9Ð079 kPa[
The sensor technology is a heritage from a concept

Corresponence to ] Ari!Matti Harri[ Tel[ ] ¦247!8!0818!3521 ^
Fax ] ¦247!8!0818!3592 ^ E!mail ] ari!matti[harriÝfmi[_

that has been applied in earlier space and terrestrial
applications[

The PPI starts measurements at an altitude of 059
km\ producing 17 bits of data per second[ Measure!
ments are designed to continue beyond the time of
impact on the surface of Titan until Huygens stops
operating[

The ~ight unit has been integrated to the Huygens
entry probe and tests have been successful[ A special
balloon test session of PPI and other HASI instruments
simulating the actual mission of Huygens was carried
out successfully in 0884[ Þ 0887 Elsevier Science Ltd[
All rights reserved

0[ Mission and scienti_c objectives

0[0[ HASI:Pressure Pro_le Instrument mission

The Cassini:Huygens is a NASA:ESA:ASI joint mission\
for which NASA and ESA provide the Cassini orbiter and
the Huygens probe\ respectively "Scoon et al[\ 0878#[ The
probe is 1[6 m in diameter and weighs 232 kg[ The payload
weighs 37 kg and comprises six instruments "Lebreton et
al[\ 0883#[ The Huygens Atmospheric Structure Instru!
ment "HASI# will observe a comprehensive set of variables
and phenomena\ including pressure\ temperature\ density\
and atmospheric electricity[ The Titan atmospheric pres!
sure pro_le will be recorded by the Pressure Pro_le Instru!
ment "PPI:HASI# provided by the Finnish Meteorological
Institute "FMI#[

The mission launch is nominally slated for 5 October
0886[ The duration of the ~ight is approximately seven
years\ during which the payload of the Huygens probe
will be in hibernation\ interrupted only by six!monthly
health and status checks "Hassan et al[\ 0883#[

In early November 1993 the Huygens probe will
separate from the Cassini orbiter\ after which the probe
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will continue unpowered on an impact trajectory for
three weeks resulting in descent into Titan|s atmosphere
nominally on 16 November 1993 "Lebreton et al[\ 0883#[

The HASI observations are expected to begin at about
069 km above Titan|s surface[ The descent is estimated to
take 019Ð049 min with some power reserved for measure!
ments at the surface\ in case the probe survives the impact[
The probe|s mission will be over when either the batteries
are drained "maximum time of operation is 042 min# or
when the Cassini orbiter descends below the horizon and
the radio contact is lost[

The instrumentation on board Huygens is designed to
provide a whole spectrum of new information on the
clouds\ the atmosphere\ and the surface of Titan "Lorentz\
0883#[ The properties and phenomena investigated by the
Cassini:Huygens mission are

, atmospheric composition\
, distribution of trace gases\ atmospheric chemistry with

special emphasis on organic compounds and aerosols\
, meteorology ] winds\ clouds and lightning\ and
, ionisation state of the upper atmosphere and its inter!

action with the Saturnian magnetosphere[

The Huygens Atmospheric Structure Instrument "HASI#
focuses on the physical structure of the atmosphere
by measuring the upper atmosphere and stratosphere
density\ pressure and temperature\ as well as the pressure
and temperature in the troposphere[ The HASI will also
investigate the electric properties of and phenomena
occurring in the atmosphere by observing the atmo!
spheric electric conductivity and ionisation processes\
wave electric _elds\ and atmospheric lightning\ as well
as measuring acoustic noise due to turbulence and
thunder[

The HASI is prepared to continue operations after sur!
face impact\ if the probe survives[ The HASI has the
capability to determine\ e[g[\ the nature of the surface
"liquid or solid# and its dielectric properties[ Some infor!
mation on the surface winds\ may also be inferred via
surface wave motion\ if the surface turns out to be liquid[

0[1[ Pressure Pro_le Instrument|s mission and scienti_c
objectives

The primary scienti_c objective of the PPI instrument is
to determine the vertical ambient pressure pro_le of the
atmosphere of Titan during the Huygens descent[ The PPI
measurements start at the altitude of 069 km at the Mach
number of about 9[5 and continue a few minutes beyond
the impact to the Titan surface\ if the Huygens probe
survives the landing[

To obtain the Titan atmospheric pressure pro_le\ a
thorough amalgamation of all the HASI data has to be
carried out[ Moreover\ data from the altimeter\ the wind
experiment\ and the surface science package "Lebreton et
al[\ 0883# will be used[ The pro_les of atmospheric pres!
sure\ density\ temperature\ and the mean molecular weight
will be obtained by solving the following descriptive equa!
tions via iterative means for each data point along the
descent trajectory ]
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where r is the atmospheric density\ m is the Station mass\
as is the acceleration along the path of the Huygens probe\
CD is the drag coe.cient\ A is the cross!sectional area
of the Station\ Vr is the Station speed relative to the
atmosphere\ p is the atmospheric pressure\ g is the accel!
eration of gravity\ z is the altitude from the surface of
Titan\ T is the atmospheric temperature\ m is the mean
molecular weight\ and R is the gas constant[

The PPI instrument yields a time series of measurements
of total pressure[ Thus the height and velocity of the ~ow
relative to the probe as a function of time must be known[
These can be derived from the pressure and temperature
measurements "Ru.no\ 0885# when combined with one
of the following conditions in the following order of pref!
erence ]

, The surface pressure is known\ i[e[ the probe and the
PPI instrument survive the landing and send some data
after that[

, The near!surface velocity pro_le is known\ i[e[ it is
retrieved from the radar altimeter data[

, Some general assumptions about the structure and
dynamics of the atmosphere of Titan are made[

The information above gives a horizontal descent tra!
jectory measurement independent of the onboard acceler!
ometer\ and by combining these two with the Doppler
wind experiment data a reliable reconstruction of the
descent pro_le can be obtained[ Applying this to the orig!
inal pressure data\ the main scienti_c objective is achieved\
taking into account the various sources of error "Ma�kinen\
0885#[

The secondary objective is the detection of various
anticipated atmospheric phenomena[ The resolution is
anticipated to be su.cient for detection of both the gravity
waves "Friedson\ 0883# in the upper part of the measuring
region\ as well as the discernible boundary layer e}ects
"Allison\ 0880#[ The PPI resolution may not\ however\ be
su.cient for probing the region of turbulence directly
"Hoppe et al[\ 0889#[ The gravitational tide "Lorentz\
0880# is likely to remain undetected as well because of its
minute amplitude compared to the error limits in the
determination of the probe trajectory[

1[ Measurement concept

1[0[ Pressure probe con_`uration

A special pressure probe is needed on the tip of the sensor
boom to enable accurate pressure sampling in the ~ow
_eld around the Huygens probe[ The _rst issue to study
was whether a total pressure tube\ or a static pressure tube
should be used[ An additional issue in the former case was
to evaluate the importance of having a Kiel type shielding
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around the pressure tube to make the pressure measure!
ment su.ciently insensitive to the changes of the angle of
attack a\ the angle between the Huygens probe main axis
and the ~ow _eld[

The decision to measure total pressure instead of static
pressure and the design of the Kiel probe was based on
aerodynamic simulations that were performed for the air!
~ow around the Huygens probe\ and in the vicinity of the
tip of the sensor boom[ During the descent the Huygens
probe changes its attitude to such an extent that a Kiel
type shielding around the pressure tube was expected to
be necessary[ The signi_cance of the Kiel type tube was
investigated by simulations[

The results of the aerodynamic simulations proved that
to preserve the high accuracy of the PPI sensors\ it was
necessary to use a pitot tube surrounded by a Kiel type
shielding[ This combination is called the pressure probe
assembly "PPA#\ as depicted in Fig[ 3[

1[1[ Evaluation of the pressure probe readin`s

An object moving through an atmosphere is always sur!
rounded by a ~ow!induced pressure _eld\ where the local
static pressure di}ers from that of the undisturbed atmo!
sphere[ A non!dimensional pressure coe.cient is de_ned
as

Cp �
p−p�

q
�

p−p�

"g:1# p�Ma1
"1#

where p is the local pressure\ p� the undisturbed static
pressure\ q the kinetic pressure\ g the speci_c heat ratio
and Ma the Mach number[ If at some location Cp ¼ 9\
the static pressure could be measured directly as it is done
on an aeroplane for\ e[g[ altimetric purposes[ If\ however\
Cp � 9 at the pressure tap location\ the measured pressure
pm is contaminated by the ~ow and must be corrected as
follows ]

p� �pm−Cpq "2#

Stagnation pressure corresponds to a well de_ned value
of Cp\ and can be sampled quite easily\ essentially eli!
minating the uncertainty in Cp[ At low Mach numbers
"Ma³ 9[1# the stagnation pressure coe.cient Cp �0 with
good accuracy ^ at higher Mach numbers the stagnation
pressure coe.cient is greater than unity[ Thus\ lacking a
location where Cp stays low enough to make the correction
unnecessary\ measurement of total pressure and cor!
recting it for kinetic pressure will lead to a smaller uncer!
tainty in the determination of atmospheric pressure[

The measured total pressure has to be converted into
the desired static pressure using either the correction for!
mula "2# or the well!known relation
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The Mach number has to be known to make the correction
possible[ In the case of PPI the Mach number will be
provided by the Huygens velocity pro_le and the speed of
sound measurements performed by the Huygens Surface
Science Package instrument "Lebreton\ et al[\ 0883#[ The

Mach number correction will be appreciable in the begin!
ning of the measurement cycle\ at high altitude\ when the
speed of the spacecraft is still relatively high[ At the low
speeds in the denser lower regions of the atmosphere the
correction will be negligible[

1[2[ Flow simulation around the spacecraft body

The ~ow _eld around the spacecraft body during its
descent was computed by performing ~ow simulations for
a number of cases "Laine et al[\ 0880# by using the FIN!
FLO ~ow solver "Siikonen\ 0884#[ The FINFLO code
solves the NavierÐStokes equations numerically by using
a _nite!volume technique by using a structured curvilinear
mesh[ For an arbitrary _xed region V with a boundary S

the ~ow equations can be written in the following integral
form

d
dt gV

UdV¦gS

F"U# =dS� 9 "4#

where U�ðr\rV\rEŁT\ F is a ~ux!vector\ r is the density\
V is the velocity\ and E is the total internal energy[ In
the evaluation of the inviscid ~uxes\ Roe|s method "Roe\
0870# is employed[ For spatial discretization a MUSCL!
type TVD!scheme "Siikonen et al[\ 0889# is applied to
approximate advective volume!face ~uxes[ The discretized
equations are integrated in time using an approximate
factorisation with spatially varying time!step until a ste!
ady state is reached[ Time!accurate calculations are made
by adding a three!level time derivative approximation on
the residual[

The main emphasis of the calculations was to determine
the static pressure _eld and ~ow direction around the
spacecraft and especially near the location where the pres!
sure tube could be installed[ The simulations were per!
formed at Mach numbers of 9[2\ 9[4 and 9[5 and at several
angles of attack up to a�09>[ These Mach numbers
correspond to high altitudes\ where the ambient pressure
is low\ and hence the Reynolds number "Re# based on the
spacecraft body diameter is in the range of 36\999 to
76\999[ At lower altitudes Re is much higher[ It can be
assumed that higher Reynolds numbers will not produce
appreciable changes in the ~ow _eld near the pressure
tube[

The boundary layer was assumed to be fully turbulent[
The grid size was 017×37×39 in three!dimensional cases[
At the a�9> case a two!dimensional simulation was per!
formed with a grid size of 017×37[ The calculated pres!
sure coe.cient distribution at a�9> and Re�36\999 is
given in Fig[ 0[ It can be seen that at the _nal location of
the pressure tube Cp �9[02[ The angle between the vel!
ocity vector at the selected position of the pressure tube
and the symmetry axis of the spacecraft is 08>[ In the
calculated results this angle varies from 03Ð29>[

Close examination of the computed ~ow _eld revealed
no location suitable for a static pressure tap or probe[
Therefore total pressure measurement was selected[ Given
the predicted large variations in ~ow direction a total
pressure probe insensitive to this was desirable[ A shielded
Kiel type Pitot tube\ which has excellent insensitivity to
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Fig[ 0[ The pressure coe.cient distribution around the Huygens
probe at a � 9>\ Re � 36\999 and Ma � 9[2

~ow inclination "Ower and Pankhurst\ 0855#\ was selected
for closer examination[

1[3[ Flow simulation on the total pressure probe

To save weight the Kiel probe geometry was modi_ed
compared to the standard solution as shown in Fig[ 1[
To verify the performance of the design ~ow simulations
"without the stem# and wind tunnel tests were undertaken
for the tube itself[ In these calculations "Ho}ren et al[\
0881# the ~ow was assumed to be undisturbed\ i[e[ the
e}ect of the spacecraft itself on the ~ow was neglected[ At
an altitude of 059 km the Reynolds number based on the
tube diameter is 809\ and the ~ow was assumed to be
laminar[ The second ~ow case is at an altitude of 24
km where the Reynolds number is 45\999[ The ~ow was
assumed to be transitional[ Simulations were made at
several angles of attack up to 39>[

The FINFLO ~ow solver "Siikonen\ 0884#\ being a _nite
volume method\ requires a computational grid[ These
simulations were performed by making use of a grid con!
sisting of 00\419 cells\ with 017 cells in the longitudinal
and 85 cells in the radial direction[ The grid was extended
04Ð19 outer tube radii away from the tube[ Free stream
conditions were speci_ed at the outer boundary[ The
three!dimensional cases were calculated by modelling half
of the Kiel probe using 21 cells in the circumferential
direction[

The axisymmetric simulations failed to converge to a
steady state except for the high altitude case with the
unmodi_ed tube[ Time!accurate simulations revealed cor!
tex shedding on the outer tube\ leading to high frequency

Fig[ 1[ Standard and modi_ed Kiel tube geometries used in the
~ow simulation and in the wind tunnel tests

Fig[ 2[ An example of the simulated instantaneous pressure
distribution around the Kiel probe assembly at a � 9>\ Re � 809
and Ma � 9[4

oscillations "0[05Ð1[0 kHz# in the inner tube[ The mean
pressure deviated up to 9[4) from the stagnation pres!
sure ^ in most cases the deviation was much smaller[ An
example of the instantaneous pressure distribution is
shown in Fig[ 2[

The three!dimensional calculations also showed time!
dependent behaviour\ but because of the excessive com!
puting time required\ only steady!state calculations were
made[ The amplitude of the pressure oscillations becomes
larger at the higher angles of attack\ but the error in the
total pressure inside the measuring tube remains small\ in
all cases less than 9[2)[

1[4[ Wind tunnel tests

The most important aim of the wind tunnel test was to
verify that su.cient insensitivity to ~ow direction was
obtained as indicated by the ~ow simulations[ A sec!
ondary goal was to produce validation data for the simu!
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lations[ For this purpose oil ~ow tests and limited hot
wire surveys were made[

The tests were performed in the 1×1 m low speed wind
tunnel of the Helsinki University of Technology "Renko
et al[\ 0881#[ The combination of relatively high Mach
numbers and very low Reynolds numbers encountered at
high altitudes in the beginning of the PPI function cycle
could not be reproduced in this tunnel[ In this region the
~ow simulation must be relied on[

In order to provide adequate resolution in oil ~ow and
survey tests upscaled "scale 3 ] 0# models of the Kiel tube
were used[ Three di}erent models were tested "Fig[ 1# ]

, a standard design with thick stem "reference model#\
, the low!mass design with thick stem\ and
, the low!mass design with a thin streamlined stem[

The thick stem design was of interest because\ at _rst\
placement of the pressure sensors and their electronics
into the stem was considered[ Eventually it was decided
to place these items in the more controlled environment
inside the spacecraft body[

All models were tested at tunnel speeds varying from
09Ð14 m:s and varying angles of attack[ The pressure from
the model was directly compared\ by means of a sensitive
micro manometer\ to the total pressure acquired from a
total pressure "pitot# tube carefully aligned with the tunnel
~ow[ In the tests the reference model performed as
expected[ The low mass models were tested up to a�54>[
The performance was ~awless up to over a�49> with a
Cp of 9[884 at an angle of 44>[ Above this angle the
pressure coe.cient decreased rapidly[

Accordingly\ a viable solution for the Kiel type pitot
tube was designed\ and the design was veri_ed by wind
tunnel tests[

2[ PPI instrument structure

2[0[ The main sections

The principal sections of the PPI are "Fig[ 3# ]

, sensor boom extending out of the Huygens main body\

Fig[ 3[ Sketch of the Huygens Platform\ showing the PPI Printed
Circuit Board "PCB# in the HASI DPU Box\ the connecting
tube\ the Stem\ and Pressure Probe Assembly "PPA#

, Kiel probe with pitot tube in the end of the sensor boom\
, pressure sensors "Barocapþ# and electronics inside the

Huygens body\ and
, pressure tube conveying the pressure signal from the

Kiel probe to the pressure sensors[

The Kiel type pitot tube is mounted in the Pressure Probe
Assembly "PPA# in the end of the sensor boom "Stem#
together with the temperature sensors[ The pressure signal
goes via the pressure hose to the capacitive pressure sen!
sors "Barocapþ# inside the Huygens body[ The pressure
sensors are mounted on the PPI electronics board\ which
is located inside the central electronics box of HASI Data
Processing Unit "DPU#[ This is illustrated by the PPI
block diagram in Fig[ 4[

2[1[ Mechanical con_`uration

Physically\ PPI consists of three parts ] "a# the Pressure
Probe Assembly\ located on the end of the Stem outside
the Huygens probe body\ "b# the PPI card inside the HASI
DPU Box "PCB#\ and "c# a stainless steel tube connecting
the two[ Figure 3 is a sketch showing the relative location
of the parts[ The Stem and PPA are outside the Huygens
Probe[

The PPI card contains the pressure and temperature
sensors\ a plenum chamber\ the sensor electronics\ and
tubing connecting the wall _tting "where the tube from
the Kiel probe is attached on the outside# to the plenum
chamber[ All of the pressure sensors\ except two reference
sensors\ are connected to the plenum chamber[ The PPI
card also carries the Radar Altimeter "RAE# board in a
piggy!back arrangement[

The Kiel probe consists of a pitot tube inside a tube
that is designed to convert the outside dynamic pressure
"i[e[ including both the static pressure and the motion of
the Huygens Probe# to a stagnation pressure\ which is
conveyed to the plenum on the PPI card via the tubing[
This arrangement reduces the sensitivity of the measure!
ment to misalignment of the axis of the sensor to the
direction of motion[ "See detail inset in Fig[ 4[#

The connecting tubing is in two parts\ one mounted in
the Stem\ the other connects the tubing in the Stem to the
wall _tting on the DPU box[ The Kiel tube is directly
connected to the tubing in the Stem when it is physically
mounted on the end of the Stem[

2[2[ Mass

The mass budget\ as estimated two years before delivery
and as delivered\ is presented in Table 0[ The _gures are
based on the following assumptions ]

, All the PPI electronics are mounted in the HASI DPU
Box[

, The mass related to mounting of PPI electronics in the
HASI DPU Box is not included[

, The mass of the stub boom "i[e[ Stem# is not included[
, The mass related to RAE card is not included[

As can be seen from the table\ the delivered equipment
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Fig[ 4[ PPI con_guration and interfaces[ Details of the Pressure Probe Assembly "PPA# are shown in
the inset sketch

Table 0[ PPI Mass Budget estimates "15 October 0882# and as
delivered "12 March 0884#

Mass "g#

15 October 12 March
PPI Mass 0882 0884

PPI inside the probe ]
PPI!electronics unit
PCB "electronics only# 039
Sensor heads "on the PCB# 13
Electrostatic shielding 49
Miscellaneous 39

Subtotal 143 111[9
Wall _tting 29 29[3
Pressure tube
PT!0 24 27[5
PT!1 15 27[9
Supports "1# 43 48[9

Subtotal 004 024[5
Kiel probe assembly 24 13[5

Total mass 323
Contingency 32
Total mass budget 366 301[5

came well within the estimated budget\ even without con!
tingency[

2[3[ Mechanical interface requirements

Designing the interfaces was one of the more complex
tasks in the PPI project[ In essence\ it had to be possible
to remove and replace any part whatsoever during the

assembly\ integration and test phase\ without disturbing
any other parts[ For example\ the wall _tting\ in addition
to being the point of attachment for the external con!
duction tube\ was required to ]

, provide electrical connection between the PPI board and
the Kiel probe\ for grounding and shielding reasons\

, preserve electrical insulation from the DPU box\ in
order to avoid ground loops\

, allow the tubing to be connected and disconnected while
the DPU box remained stationary\

, allow the DPU box to be removed while the tubing
remained stationary\ and

, allow the PPI card to be remove from the DPU box
while everything else remained stationary[

Of course\ the break in the connecting tube had to be
designed so that the Stem could be removed\ or the con!
necting tube between the DPU Box and the Stem could
be removed[ Finally\ the Kiel probe mounting had to be
designed so that the Kiel probe could be removed from
the Stem\ if necessary[ At the same time all joints had to
be leak tight in order to guarantee the integrity of the
pressure measurements\ and were tested at several stages
before and during assembly\ integration and test phase[

2[4[ Thermal considerations

The PPI card generates so little electrical power that
overheating was not a design issue[ The thermal con!
nection "conduction through the cards\ convection in the
gas\ and radiation# is more than su.cient to assure that
the card has the same temperature as its surroundings[
However\ as any gas measurement is subject to error due
to error in temperature\ PPI includes three temperature
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sensors on the card "one with each pressure sensor pair#
which provide the temperature needed in data reduction[

At the same time\ the outside temperature is much
colder than the inside of the Huygens Probe for part of
the descent\ and much hotter as the Probe heats up going
through the atmosphere[ One can well ask whether the
tubing and the gas in the tube can thermally couple the
outside with the PPL card\ which would lead to a great
uncertainty in the measurement\ possibly leading to a
requirement of measuring the temperature at some point
along the tube\ or even in the Stem or the Pressure Probe
Assembly "PPA#[

Finally\ thermal analysis showed that the conduction
along the tube was so poor "due to the material as well as
the thinnes of the wall# that the tube would be in thermal
equilibrium with the immediate environment all the way
along the path from the Kiel probe to the plenum cham!
ber[

3[ The PPI sensor system

3[0[ Sensor overview

The PPI uses Barocapþ capacitive pressure sensors with
three di}erent sensitivities to cover the pressure range of
9Ð079 kPa[ The sensor technology is a heritage from a
concept that has been applied in earlier space and ter!
restrial applications "Harri et al[\ 0884#[

PPI includes three groups of Vaisala pressure sensors
"Barocapþ# ]

, three high pressure sensors "calibrated 9Ð0799 hPa#\
, three medium pressure sensors "calibrated 9Ð0399 hPa#\

and
, two low pressure sensors "calibrated 9Ð0199 hPa#[

Additionally\ in order to compensate for Barocapþs| tem!
perature dependence\ there are three temperature sensors
"Vaisala Thermocapþs#\ one for each group of Barocapþs[

The high pressure sensors are capable of measuring the
whole pressure pro_le of Titan "9Ð0349 hPa#\ up to 1999
hPa[ They are more sensitive and stable at the upper part
of their pressure range[

The medium pressure sensors behave like high pressure
sensors except that they are more sensitive and the work!
ing range is limited to approximately 0399 hPa "until the
capacitor plates touch each other#[ The Vaisala company
manufactures these sensors in quantities for barometric
systems[

The low pressure sensors are more sensitive and stable
at the low end of their pressure range "9Ð0199 hPa#[ Their
resolution is nearly in proportion to pressure[

The two high\ middle and low pressure sensors are
intended to read the total pressure pro_le during descent
phase ] they are connected to the Kiel probe via the pres!
sure hose[ The one high pressure and the one middle
pressure Barocapþ measure the internal pressure in the
inside of the HASI DPU box[ This measurement serves
also housekeeping purposes[ The internal pressure di}ers
from the free ~ow pressure due to time lag and aero!
dynamical factors[

In PPI the di}erent pressure sensors serve as a sort

of reference senor for each other ] high pressure sensors
produce a linear pressure pro_le\ medium sensors produce
a long term stability reference near 0999 hPa and low
pressure sensors give better resolution and accuracy below
399 hPa[ The housekeeping Barocapþs can also be used
to verify the behaviour of sensors exposed to the external
pressure[

The PPI measurement quality can be expressed by the
absolute accuracy and resolution[ By the absolute accu!
racy we mean an error in absolute pressure at any altitude\
and by resolution the ability to distinguish a change in
pressure[ The absolute accuracy of better than 0) is
expected\ taking into account all the error sources includ!
ing converting total pressure to static pressure[

However\ PPI accuracy is not linear\ since it consists of
three types of sensors\ whose sensitivity have a hyperbolic
dependence on pressure[ The low pressure sensors are
more sensitive to pressure near vacuum and the other two
types of sensors are more sensitive when approaching the
upper end of their operating range[ This kind of behaviour
is due to the fact that the capacitive sensors| plates nearly
touch each other causing a substantial change in capaci!
tance[

Figure 5 illustrates the hyperbolic characteristics of the
Barocapþ sensor showing the sensitivity of each type of
the Barocapþ used by PPI[ The Barocapþ resolution
behaves as the counter value of sensitivity\ i[e[ higher
sensitivity results in lower noise level and better stability[
As a result the lowest resolution of the PPI is around the
399 hPa pressure "see Table 1#[

The three types of Barocapþs with di}erent sensitivities
are used\ one type of them at a time being the principal

Fig[ 5[ The sensitivities of the three type of Baracapþ sensors

Table 1[ The expected PPI resolution "in hPa# dictated by the
HASI 05!bit data word

Pressure "hPa#

Sensor type 4 099 399 749 0299

Med!P!Sensor 9[11 9[08 9[03 9[96 9[91
High!P!Sensor 9[12 9[11 9[06 9[0 9[94
Low!P!Sensor 9[995 9[91 9[97 9[14 *
PPI resolution 9[995 9[91 9[97 9[96 9[91
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sensor type[ The time of transition is dictated by two
principles ] which of the three sensor types "low\ middle
or high pressure# is most accurate at each time\ and the
fact that over~ow of the middle pressure sensors will take
place at pressure level 0299Ð0499 hPa[ The exact over~ow
pressure depends on the characteristics of an individual
sensor[

Resolution of PPI is dictated by the 05!bit HASI data
word\ in which PPI data is stored[ The deviation in pres!
sure "hPa# that causes a one bit change in PPI data is
depicted in Table 1[ Pressure levels 399 and 749 are selec!
ted because they are the transition points when PPI swit!
ches from low pressure mode to medium pressure mode
"or high pressure mode\ accordingly#[ The low pressure
sensors are not exposed to as high pressure as 0299 hPa[

The PPI sensors were selected out of a batch of about
one hundred Barocapþs[ The batch of sensors was
exposed to environmental screening tests and long term
surveillance for a period of more than one year[

3[1[ Sensor electronics

The PPI electronics is based on oscillator transducers that
convert the output of the capacitive sensors into
frequency[ The HASI DPU interfaces to the PPI fre!
quency channels and samples each sensor head one at a
time[ The frequency measurement is performed as period
measurement[ Just prior to the actual reading the DPU
takes a prescaler sample to determine the number of
counts needed for the reading to take roughly the same
integration time for all the sensors[

The operational power consumption of the PPI type
sensor transducer is about 2[4 mA of a 4 V line[ Each
transducer is capable of interfacing to six capacitive
sensors[ The PPI instrument has three transducers running
continuously during the descent of the Huygens probe[
Accordingly\ the total PPI operational power con!
sumption is 00[4 mA[ PPI regulates linearly the power
from the 04 V power line provided by the HASI instru!
ment[

4[ PPI operations and data production

The PPI starts measurements at an altitude of 059 km\
producing 17 bits of data per second[ Measurements are
designed to continue beyond the time of impact on the
surface of Titan\ until the Huygens probe stops operating
a few minutes after landing[

Two sensor readings\ each consisting of an average of
_ve samples\ will be made every 1[3 s throughout the
descent[ The sensor readings are organised in pairs for
optimisation of data acquisition[ Every sensor reading is
scaled to a 05 bit HASI data word and the variance of the
_ve samples is scaled to 7 bits[ The two words are then
concatenated to produce a 13 bit data word for each
sensor reading[

PPI has three sensor families each optimised for a spec!
i_c pressure range[ The transition points are around 399

Table 2[ The approximate transition altitude\ pressure and time\
when the PPI will change the best _tted sensor

Time
Transition type "t9¦#:min Altitude:km Pressure:hPa

Low:medium 64 1221 399249
Medium:high 094 0921 7492099

and 799 hPa\ as presented by Table 2[ Changing the active
sensors from one family to the next sensor family is carried
out smoothly such that PPI all the time uses sensors of
the two sensor families best _tted to the current pressure
range[ As a result\ a pair of best _tted pressure sensors
are sampled every 3[7 s and the second best _tted sensor
pair is sampled two times more seldom\ that is\ every 8[5 s[
Finally\ as a temperature compensation and housekeeping
service\ the three PPI temperature sensors\ the two pres!
sure sensors inside the Huygens probe\ and one constant
capacitance are read every 32 s[

The PPI measurements scenario includes two health!
check sessions taking 5 s each\ and performed about every
116 s[ Finally\ as a part of one health!check session\ there
is a special mode measurement taking 03 pressure readings
in 1 s[ This is performed once every 116 s[

The total PPI measurement scheme is carried out at the
cruise phase during the six!monthly health!checks of the
whole Huygens probe[ The channel number parameters
of the pressure sensors in the HASI software are designed
to be uploadable enabling correcting measures in case
of problems with some PPI sensor[ If some unexpected
deterioration of the performance of any out of the eight
PPI sensors is discovered by the six!monthly health!checks
during the cruise taking seven years\ the sensor can be
replaced in the sampling scheme by another PPI sensor[

The maximal temporal resolution of the PPI instrument
is 9[049 seconds but in the normal mode only the average
and variation of _ve successive readings of a sensor pair
are transmitted[ Furthermore\ because every fourth sensor
pair reading is devoted to temperature compensation and
housekeeping service\ and the best _tted sensor pair is
sampled every second turn\ the e}ective temporal res!
olution is between 1[3 and 3[7 s[ This can be converted to
spatial resolution by assuming the temporal resolution of
3[7 s\ and by using the estimated Huygens descent pro_le
data "Lebreton et al[\ 0883#[ The result is compared to the
pressure scale height as calculated from "Lellouch\ 0889#
as depicted in Fig[ 6[

The spatial resolution of the burst mode is superior to
the normal mode\ but the time slice of the burst is narrow\
1 s at a time every 116 s\ amounting to about 0) of the
total measurements[ This re~ects the fact that PPI|s main
mission is to provide the atmospheric pressure pro_le[ The
spatial resolution of the burst mode is depicted in Fig[ 6[
The burst mode will be most e}ective when probing the
near surface atmosphere for turbulence and other bound!
ary layer phenomena[

The total amount of data will be 13Ð21 kilobytes\
depending on the total operation time[
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Fig[ 6[ The spatial resolution of the PPI measurement modes
compared to the pressure scale height in the atmosphere of Titan

5[ Discussion and conclusions

The PPI measurement concept of utilising Barocapþ sen!
sors and a Kiel type pitot tube is a result of a proven
sensor design and extensive aerodynamical simulations[
The Kiel type pitot tube for measuring the Titan atmo!
spheric pressure was designed by means of simulations
performed for the air~ow around the Huygens probe and
in the vicinity of the tip of the sensor boom\ and wind
tunnel tests[

The sensors based on the Barocapþ pressure sensors
with three di}erent sensitivities cover the pressure range
of 9Ð079 kPa[ The sensor technology is a heritage from a
concept that has been applied in earlier space and ter!
restrial applications[

The PPI measurements commence at an altitude of 059
km\ producing 17 bits of data per second[ Measurements
are designed to continue beyond the time of impact on
the surface of Titan until Huygens stops operating[ The
total amount of data will be from 13Ð21 kilobytes depend!
ing on the descent time[

The total mass of PPI is 301 g\ and the operational
power consumption is 029 mW linearly regulated from a
04 V power line[

The PPI is expected to provide the vertical ambient
pressure pro_le of the atmosphere of Titan during the
Huygens descent with the accuracy of better than one
percent[ The pressure pro_le will be provided from the
altitude of about 069 km down to the surface of Titan[
Thorough amalgamation of the data from HASI\ the alti!
meter\ the wind experiment\ and the surface science pack!
age is needed to generate the atmospheric vertical pro_les
of the pressure\ density\ temperature and the mean molec!
ular weight[

As its secondary objective\ the PPI is anticipated to
detect gravity waves in the upper part of the measuring
region\ and shed some light on the boundary layer e}ects[

The development of PPI included the fabrication of
mechanical\ engineering\ ~ight and ~ight spare models[
Each of them were integrated to the HASI and submitted
to functional and environmental tests to meet the ESA
requirements[ Currently the PPI ~ight unit has been inte!
grated to the Huygens entry probe and the integration

tests have been successful[ As a part of the test activities\
a special balloon test session of PPI and other HASI
instruments simulating the actual mission of Huygens was
carried out successfully in November 0884[

The _nal tests and veri_cation of launch readiness of the
PPI:HASI and all the Huygens payload were completed
during the spring 0886 and it was shipped to the launch
pad in Cape Canaveral for integration to the Cassini spa!
cecraft in April 0886[ Preparations aiming for launch in
October 0886 are currently under way[

During the cruise phase to Saturn the PPI:HASI\ as
well as the whole Huygens payload\ will be awakened
every six months for a special health check test[ These test
data will help understand the condition of the PPI\ and
also the other Huygens instruments[ In case of some unex!
pected behaviour revealed by the health check tests\ the
PPI sensor sampling scheme can still be modi_ed during
the cruise phase[

Three weeks prior to the arrival to Titan the Huygens
probe will be separated from Cassini spacecraft[ There!
after Huygens starts its autonomous journey towards the
Titan atmosphere in pursuit of shedding light on some of
the scienti_c puzzles of the Saturnian moon[
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