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Planetary entry probes \

viking PR * Few robotic probes have successfully
entered the atmosphere and landed on
VI planetary body:
cioneer o — Mars (USSR Mars 6, NASA Viking 1&2, Pathfinder,
Venus : MERSs, Phoenix)

— Venus (NASA Pioneer Venus probes)
— Jupiter (NASA Galileo probe)
— Titan (ESA/NASA Huygens probe)

and re-entry vehicle in Earth’s atmosphere
(e.g. Stardust, Gemini)

Galileo

Only Viking, Venus Pioneer and Titan
Huygens probes made directinsitup & T
measurements during descent!
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EDL in situ probe science: are
Atmospheric Structure Instrument (ASI-MET) N

« Atmospheric probes and landers could provide key
measurements for planetary atmosphere
investigation, specifically by deriving atmospheric
structure from in situ measurements during the
entry, descent and landing of the probe.

« Relaying on accelerometric data and also to sensors
(p & T) directly exposed to the atmospheric flow
during the descent phase.

« ASI-MET can determine density, pressure and
temperature as function of height from the upper
atmosphere down to the surface.

« The atmospheric vertical profiles allow resolving
vertical gradients in order to investigate the
atmospheric structure and dynamics

« ASI/MET flown in every atmospheric entry probe and

lander
 Historical ‘father’ of ASI instrument Dr. Alvin Seiff of
NASA AMES.
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@—P Huygens Atmospheric Structure Instrument (HASI) @
e -
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Huygens Atmospheric Structure Instrument
on the Cassini-Huygens mission

by measuring

» acceleration (ACC)
> pressure (PPI)

» temperature (TEM)

3 -
 @cesa & @
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Temperature sensors N

Resistance Temperature Detector (RTD) @ )
Pt RTD used as standard for ITS90
* High precision

« Stable and linear

* Wide measurements range

p=resistivity [Qm]
A I=length [m]

A=section area [m?]

R = resistance [Q]
yo |
R _

|=cost RTD
Themocouples (TC)
* (Ni-Cr10%) / (Cu-Ni) T -200°C +350°C  1je/mojunction A Thermojunction
[chromel/constantana] (type E) & )
* Need T reference / /,
* Poorly stable and accurate 8 F B
« Low V output . Voltmeter ;-

Thermocouple
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Temperature-measuring problems in flowing fluids @/

Conduction error
Radiation error

Velocity effects: free-stream static (T,,,,) rises to
stagnation of total temperature (T,,)
r recovery factor determined by experimental calibration

r— Tstag,ind _Tstat Probe measuring T, =1
Tstag _Tstat Probe measuring T, =0
T _ Tstag,ind
stat — 1 1 /2 N 5
+r[(7_ ) ] mach

Dynamic response -> time constant T
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Mars PathFinder ASI/MET

Temperature sensor:
Three redundant thin-wire (75um)
chromel-constantan (E type)

thermocouples suspended on fiberglass-

epoxy bracket.

Fligh! Wind are Temperalure Sensor on Masl

Pressure sensor:

.~ Wind Sensor

Descent
Temparature
Sensar

Wind sensor:;

anemometers

Top Mast
Temperalure
Senaocr

Descent measurements not possible
since sensors mounted inside the lander

16-17 June 2012,
Toulose, France

Tavis deflecting diaphragm,
variable magnetic reluctance sensors.

6 hot wires (0.9Pt/0.1Ir)

IPPW9 Short Course on
Probe Science Instrumentation Technologies
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Figure 5. Sketch of pressure inlet and descent thermocouple
locations during parachute descent. The pressure inlet lies in the
plane of the triangular window opening at one corner of the
lander. (The sensor itself is on the lander base near the integrated
electronics unit box.) The descent temperature sensor is just
below the wind sensor on the stowed meteorology mast, oriented
approximately parallel to the window opening.
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Common

Mars NetLander ATMIS

ThermOCOUp|eS [Harrietal. ]

Reference Thick wire Weldable points

junction
| Chromel
Copper Wy,
I -
V Sensing
junctio\n
Thin
75um
v wires
I
Copper 777777777, /
am s Constantan
Reference junction Thick wire . |
Isothermal block (below the W-sens.YV&!dabie points
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wind sensor &
thermocouples

Thermoanemometer

100 C over temperature
central hot wire senses
wind speed

20 differential thermo-
couples sense wind
direction

Reference temperature
from absolute thermo-
couple around the wind
sensor

Thermocouple mux on
the isothermal block
Heritage from

Mars Polar Lander
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Toulose, France

Mars NetLander ATMIS NP2

Side View Ambient

Temperature  Top View

TC Array
NI

\Direction
TC’s

Heated Plume

N
NN

so Block
with TC Ambient
mpien
MUX
- .. Temperature
. Prevailing Wind TC Arra
| Interface with the y
boom and W & T sensors
The Boom .
| [Harrietal. ]
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Pioneer Venus ASI @"

« Platinum Resistance Thermometer (PRT)
directly exposed to the atmospheric flow
(e.g. sensor located outside the lander
boundary layer).

% wm WIRE SERSOR

S ANNE
ACCELERONETER
1

FR." _:-. i /ﬁmn

ETHONATION
PRESSURE INLET

BOIINTER PROBE

THIN WALLED
f_,_JSTlIIILFF-E STEEL
SUFFONT POST

EMALL FAOBES

ETILILUS AkD
EENSE LEADS

Fig. 1. Temperature sensor configuration, and its installation on the
probes. Also shown are the acceleration sensors and pressure inlets.

[Seiff et al. 1980]
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Hy
HASI TEMperature sensors \TB'

 Two redundant dual element platinum resistance
thermometers (TEM).

air flow (double wire 0.1mm - faster time
response)

"« The secondary sensor (COARSE) is embedded in
g"“m . the structure and designed as spare unit in case
? of damage of the primary sensor.

« Temperature measurement by monitoring
resistance (wrt reference resistor; I=25 mA, pulsed 100ms)

range Resolution Accuracy
Low T (60-110K) 0.02K 0.02K
High T (100-330K) 0.06K 0.2K

Main objective: to measure Titan’s atmospheric temperature profile.
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HASI TEM calibration and characterization N

« Static calibration
by ITS-90 procedures

Hot air injected

WindT | wall

= - " U .. @ @@ @@ @
* Dy n am I C C aI I b ratl O n e T | . Position of Shroud when retracted
: : Ambiont tmperature
by tests in wind tunnel —
o——>

to derive response time

WindTunnel wall

« Sensor model: 2" order instrument

d*T, d7T, _dT,
where T,= sensing wire temperature, T,= atmospheric fluid temperature
T response time: 1, wire response time, 1, supporting frame response time,

T1T2

dt

T, thermal coupling wire and supporting frame
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— HASI testing and calibration | @

Sensors have been characterized, tested and calibrated at
subsystem, HASI instrument and Huygens probe level.

Cruise in-flight check-outs (every 6 months during 7 years):
check sensors off-sets and behaviour through mission timeline
simulation; eventually monitoring any drift and /or ageing effects.

Beside Huygens AlV campaign, HASI stratospheric balloon
flight experiments have been performed to simulate Huygens
descent at Titan, and to test and verify HASI sensors performance

Huygens/HASI balloon drop tests
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Mars TEM @__.

A prototype of PRT for Mars descent measurements

[Colombatti & HASI team]

developed and tested in the Huygens/HASI
balloon campaigns

3 oy rerrpeph ey Ry
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Pressure sensors

Vaisala Barocap sensors

« Silicon capacitive absolute
pressure sensors

« Lightweight and robust

« Sensors commonly used on
radiosondes flown on
stratospherici balloons

« Used on Huygens, Beagle2,
Mars-96, Mars Polar Lander,
Phoenix, MSL

Example: Huygens HASI PPI

PPl Sensor / total mass

~15g/ca. 411 g, 1 PCB 16x16 cm

Range

0-2000 mbar (8 sensors)

Resolution

5 ubar

Accuracy

1%

16-17 June 2012,
Toulose, France

Barocap principle (Ap->AC-> Av)

Capacilive Lransducer
platea
3

uppotting rod

Heal

Aneroid
—H capsule

Flomble mambrane

IPPW9 Short Course on
Probe Science Instrumentation Technologies

ASI/MET
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Viking & Mars Pathfinder ASI/MET pressure sensors @E

Tavis deflecting diaphragm, variable

magnetic reluctance sensors
* Relatively massive, but
* reliable

» excellent repeatibility
(0.07% between 2 Mars’ years)

« Thermal compensation by
PRT sensor

16-17 June 2012, IPPW9 Short Course on
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Figure 5. Sketch of pressure indet and descent thermocouple
locations during parachute descent. The: pressure inlet Hes In the
plane of the tiangular window opening at one comner of the
lander. (The sensor itselllis on e Bnder hase niar the inbegrated
electronics umit box.) The descenl LEIMpEralure sensor is jost
bediow the windl sensoe o the stowed meteomlogy mast, orented
approaximately paralled o the window apening.

ASI/MET
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Huyg

 The atmospheric flow is conveyed through a
Kiel probe inside the DPU where transducers
and electronics are located.

PPl transducers are silicon capacitive
absolute pressure Sensors (Valsala Barocap).

Barocap sensor schematic

SILICON

SILICON
DIAPHRAM

i A
%&‘@
5 @.®®,; 1mm

—VACUUM
{ CHAMBER

R PRESSURE
ST ELECTRODES PORT
range Resolution Accuracy
HASI PPI schematic Low (0-400 hPa)
Main objective: to measure Medium (0-1200 hPa) 0.01hPa 1%
Titan’s atmospheric ambient High (0-1600 hPa)
pressure and 3-axis wind velocity
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=_ q,
- HASI-I; HASI PPl — Kiel probe assembly N7

. Pltot tube inside Kiel probe
measures total pressure i.e.
the sum of ambient and kinetic
pressures

 Accurate measurements
despite change in flow
inclination ang|e up to 45° HASI PPI Kiel probe design

« Gas inlet into the electronic
box insiede the probe (warm Total pressure is related to the ambient pressure

compartment) through

Po=p(1+1 z]f“r—lz-

yis the adiabatic constant

M is the MAch number in free stream

HASI boom with Kiel tube
and temperature sensors
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= HASL ‘sm HASI PPI testing and characterization @l
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Simulated streamlines:
Expected dynamic conditions: Mach 0.3 /0° & Mach 0.6 / 10°

« Wide range of Mach and Reynolds
numbers
— Supersonic flow during entry

— Turbulent flow at lower atmosphere
(below 90 km)

Flow field simulation:
an adaptic-grid for solving 3-D Navier-Stokes
equations (developed by Laboratory of Aerodynamics,
Helsinki University f Technology, Finland) used to
study probe behaviour and for PPI Kiel probe
design.

HASI/PPI wind tunnel:
tests with upscaled models
to verify Kiel probe design
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PPl sensors (3 Multicaps of 8 frequency output channels)

« 8 silicon capacitive absolute pressure sensors
(Barocaps) in 3 different pressure sensitivity
ranges (low, medium, high mode)

« 7 constant and 6 reference sensors
(high stability capacitors)

« 3 temperature capacitive sensors
(Thermocap) for thermal compensation I

« Variation of pressure causes changes in the
head capacitance that is converted into

55mm

frequency. Silicon
q y paste
. __SILICON HASI PPI Vaisala Barocap
SILICON _—"| DIAPHRAM :
/ /x range Resolution Accuracy
RN —\VACUUM
\/ PRESSURE Medium (0-1200 hPa) | (0 01hPa 1%
E PORT
High (0-1600 hPa)
Barocap sensor schematic
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Entry phase

 From ~ 160km down to surface
descent under parachute

T & p directly measured by sensors
having access to the unperturbed
field outside the probe boundary

layer.

PWA booms deployed: direct
measurements of electrical
properties and acoustic recording

16-17 June 2012,
Toulose, France

HASI measurements at Titan

e From ~ 1500 to 160 km

accelerometer data

IPPW9 Short Course on
Probe Science Instrumentation Technologies
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atmospheric physical properties from
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Upper atmospheric profile _'=E_:As'1'-l; @
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HASI density
1500 ;

\". pre—- R VY
——— HASI low atmo

From acceleration measurements \ \-»:.. T

1000

density profile from the top of the atmosphere
(1570 km) to parachute deployment at ~ 160 km

p(2)=-2(M/C,A) @IV

Vr and Z from measured acceleration & initial conditions

Altitude [km]

o
=
=

0 - =
10™ 10° 10°

Density [kg/m”]

Indirect temperature and pressure measurements =R
Hydrostatic equilibrium dp=-gpdz _—  P(2)
Equation of state of gas p= up/RT == T(z), T=pup/pR

[Fulchignoni, Ferri et al. Nature 2005 ]
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HASI temperature profile
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Table I: NOMIMAL MISSION TIMELINE

:'=EHASI = HASI Mission Timeline
L 0,52
ENTRY

from higher than 1270 km to 170 km;
Tacc=Probe-ON +21min 30S t0 TO (expected at 28 min)

DESCENT

from Tdata=T0+10s to surface
DESCENT 1st state from Tdata to TdataH=T0+2min 30s
DESCENT 2nd state from TdataH to Tradar=T0+32min
DESCENT 3rd state from Tradar to last km (~T0+2h12min)
IMPACT state from last km to surface (~T0+2h14min)
SURFACE state from ACC impact detection to link loss

T0-6.5 min

1270 km

above surface
150 180 km Ty + 32.58
Ty 145 170 km
95 m/s
TN T+ 428
22 Ty + 15 min
JCID 250 km ’ C( . 105-125 km
A\ 35 m/s
T, + 2.58
5-6 m/s
J . Ty=Tp+ 150 min
i (maximum)
Entry Pilot-chute Front-shield Main-parachute jettison
deployment separation Stabiliser-parachute
deployment
Peak deceleration Back-cover release Instrument
Heat-flux peak Main-parachute configuration
deployment for descent

16-17 June 2012,
Toulose, France

(EMD OF MISSI0H)
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DDEL TIME EVENT MAKME HASI EVENT DESCRIPTION
o
ALTITUDE
Tran Thas! T powear- i
{-5min bafore Eniry | TART-UP mod: starl
e —
15:06 -— TITAHN DESCENT mcde skart
(ENTRY state)
21:30 Taccsam ple ACC samplng start —
2800 Ta Karlar firng
LR -— DOEL ime resst
a3 — mid HASI Power an
49 655 Tean Profecled power on
. —
—H=00— Tdata TEM samping starl
Low PREssure measurament start
TO-10s Tdi 15l BOOM releasa atlempl window slarl
[DESCEMT 15t slale)
1 ] TaTw TEL GLILT Teleasa arkampl wnoow end
0220 Tdz Md BOCM releass attempl widow starl
T Taatan TTODE TETy QeTa K 15 LIR,
PYA samping (mode &) start
[DESCENT 2nil slate)
03 645 Teoff mnid BOCK release abtempl widow starl
Protected pawer off
ToLn EDIE]] SWIIC HAsT T packe] alocalion.
32:00 Tradar Proeimily Senscr samping (PRVA moos G slarl
[DESCENT 3rd slale)
Tim T FEdUm PRESSUTe MeadsUEATen STl
1.45.0 Thigh Hgh PRE==UE measurament sar
T KM — P o D
1 Km - ACC TH dala slop
{132 min 7)) {IMPACT stats) (—
: 200m - P Mok 0, with RELa=zalion exparment
: slopped
Trpiact qetecled oy Tmpact Ye TR RETE)
ACC SEMY0 (124 min s mods G —
% ACC TH data restart
(SURFACE slats)
+TBD mn Tloss Loss of Radio Link
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= HASL g HASI during DESCENT phase 4

—_@_ﬁl—

Descent phase Starting from ~162 km, descent under parachute

TV T & p directly measured by sensors having
access to the unperturbed field outside the
probe boundary layer.

PWA booms deployed: direct measurements
of electrical properties and acoustic recording

Huygens radar altimeter :
HASI-PWA radar return signal elaboration
from ~30 km; lock expected at ~20 km
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Descent phase

TR

16-17 June 2012,
Toulose, France

Lower atmosphere: atmospheric structure 2 @’

Starting from 162 km, descent under parachute

From measured P & T, assuming hydrostatic equilibrium
dp=-gpdz=-(pg/RT)dz (1)

Z(t) integrating (1)
v(t)=dz/dt=-(RT/ugp)(dp/dt)

Dry adiabatic atmosphere
p(z) from equation of state

p=CpRT C compressibility factor
u(p) & R(p) u from GCMS

Lapse rate dT/dz=-(a/R)(dInT/dInp

IPPW9 Short Course on ASI/MET
Probe Science Instrumentation Technologies F. Ferri /UniPD-CISAS



16-17 June 2012,
Toulose, France

Trajectory determination

DESCENT

— Integration starting from

hydrostatic equilibrium + real gas
(PPl and DTWG approach)

dp Mg
- = iz
r RT(1+2) (1)

(1) from ground up => rough estimate of descent profile

hence given g(t), iterative integration of (2) from up to down

SCn ?
a = —ge, — pun M ( )
IPPW9 Short Course on ASI/MET

Probe Science Instrumentation Technologies F. Ferri /UniPD-CISAS
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m BAsL AR HASI TEM at Titan
_= m EL
Descent T profile (T versus-time) — |
HAS| TEM Temper N R T R i bt
240 . . . Q@?\N I I I e e
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m_> B Dynamic corrections
==
- HASI TEM with dynamical corrections
15D T T T T T
 Dynamic corrections to derive ——F1 uncorrect
static p & T from total values: 77 conect
100 | i
T _ Tmeas =
stat — ~1 5 =,
=S YO
2 =
a0 r i
—_ /4 -1 2 |1y
Pstat = Pmeas (1+ 5 Ma
Cp DEIII B:II 1EIIIII 12|III 1AI1EI HISIII 180
V= A ratio of the specific heat cc , i
Ma Mach number,
r recovery factor, determine by experimental
calibration.
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HASI temperature profile

TEM uncertainty:
+ 1K

+0.25K

8 9% 100 110 120

e
H.ASL HASI descent phase
== o en oo ‘I
[t} E
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; 140
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120F
100k 100-
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20r
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A
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e HASI surface phase

Meteo at Titan’s surface:
« Temperature 93.65+£0.25 K
e Pressure 1467+1 hPa

94 5 :
— TEM fine
—TEM coarse
— TEM?Z fine
— TEMZ coarse
¥ g4t
o
=
o
@
o
=
= 935
93 1 1 1 1
9000 9500 10000 10500 11000
Mission Time [s]
ESA/NASA/JPL/University of Arizona
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a0
Temperature measurements near Mars surface 4

* The only existing in situ measurements e ————
of the atmospheric temperatures near -
the surface of Mars by Viking landers T e
[Seiff & Kirk, 1977] & by Pathfinder : ® NoAS|/
[Schofield et al., 1997]. environmental

e Simultaneous T measurements from
more than one level by Pathfinder
ASI/MET

 Temperature in situ measurements
together with pressure and wind
velocity measurements are
fundamental for studying the
meteorology and the planetary
boundary layer on Mars, and also for
the investigation of the Martian
atmospheric structure and dynamics.

sensors on MER

NASA Viking

NASA Pathfinder | "

- =" - = 3 3 s x ! p A
~ \ = . T 7 . & S = o = T
e 3 R = - ’ 2 s - ~
- g g - - b - = on

% - . . o K

* 5 - - 4. s i X A it L
S <rr - X 188 PR = imi . s o~ « wi4f AT

e , TP X ey == = ot . -
SN e~ 5 i o _ : s Ao >
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Direct temperature measurements on Mars @.’.

L S S
b = 5 Ny R R et
| i 8 A T o e et T A i b

-------

Problems
* Mars' atmosphere is thin (p~0.02 kg/m3) and has a low heat

L1 . £ Bottom, O. £ S|
Uni. of Wash., Live frorn Earth and Mars: Tillman, Johnsan, Ewing
=

" =
T o PR . -
in ! ] 5
I
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?g_ w £ LI ir =] E
& T g B
— (=1
e @ ' E
@
S o "

il T T T T T i

S N— 0 6 12 18 24
T~ > = Jul 08-10, 1867
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Temperature measurements @#

T T R L A T D S e e T

Mars Pathfinder ASI

Requirements for T sensors
* Durability

Thermocouple
Assembly

Temperature Sensor
Configuration

-

b
'..

s L
sensing elements per sensor <-> triply redundant to insure against

SO A Al
ﬂfél 'W;E'-w-.,- , L
LT 5
— | \/ MO \ | S il

L C [ LLTFTE /\ -
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Tem peratu re measurements

.'\--\.'-\--r-fq- --:.. -.n‘.'i.-'_-.'\.q."'_l: BT T T e e

 Standard thermometer:
International Practical

an Pt wires. _
emperature Scale (ITS) is

atmosphere than free wires

.
o B A - N~ thorn

1617 dune 2012 U pBe Short Cotrse on - ASUMET
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Temperature measurements '@,
TC vs PRT

Electronics

TC need a reference junction with absolute T sensor.

PRT: T measurements through 4-wires measurements at the ends of the
thermoresistance and of a reference R or inserting the thermoresistance in a
leg of the Wheastone bridge circuit.

A multiplex could allow to sample different sensors with mainly the same
electronics.

Accuracy of 0.1 K and resolution of 0.04 K in the Martian surface
temperature range can be achieved with both the sensor types, trading

between the gain of the amplifier and the bit resolution of the ADC converter.

e R
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Dust devil detection by in situ measurements @,..

Dust devils (low-pressure, warm core convective vortex that loft dust from surface)
are common events on Mars
Dust plumes in the images of the Pathfinder and MER
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Dust devil signhature on meteorological data @
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The rapid pressure minimum accompanied by
shifts in wind direction recorded during the
passage of a dust devil on the Pathfinder ASI/MET

Pathfinder ASI/MET [Schofield et al., 1999]

Wind Speed

Surface Pressure

The passage of a convective vortex leaves a typical signature on pressure and wind
measurements: a drop in atmospheric pressure associated with rotating wind vector.
Short term variations in measured surface pressure, wind direction and air temperature
over periods of tens of seconds
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EXoMars EDM 2016 NP4
DREAMS Surface Package -

The DREAMS Surface Payload is
a complete meteorological station
comprising six sensors, a battery
and electronics.
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— MarsTEM- atmospheric temperature
sensor (1)

— MetBaro — atmospheric pressure
sensor (Fin)

— MetHumi — atmospheric humidity
sensor (Fin)

— MetWind — wind sensor (UK)
— ODS - optical depth sensor (F)

— MicroARES — atmospheric electricity
sensor (F)

Battery

DREAMS can demonstrate high technology readiness, based on existing
European heritage from Huygens, Beagle 2, Humboldt and Phoenix

Electronics
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Meteo/environmental sensors for ExoMars @l

Sampling rate and observational strategy

Locating sensors at different heights on the rover (e.g. by mean of a mast, or under, at middle height and
on the top of the rover) -> simultaneous temperature measurements from more than one level, in order to
resolve vertical gradients in the near-surface temperatures.
The surface measurements (e.g. T, pressure, & wind velocity) aimed to
(1) record Martian meteorology &
(2) get data for the study of the surface boundary layer.
Meteorological record requires measurements on different timescales with a good coverage on local time,
whereas the boundary layer measurements require periods of continuous rapid sampling.
In order to detect temperature fluctuations and atmospheric phenomena, such as vortices, a sampling rate of
5sorless is requested.
Observation strategy organised in sessions, and sampling the sensors only at special sols or time (data
rate and power limitations surely prevent continuous rapid sampling).
For meteorological record short session (few minutes) of 5 s sampling rate equally spaced during a sol
can be performed.
Longer sessmns (e.g. of 10 minutes, 1 hour) at 1 s sampling rate could provide boundary layer data.

Qhsena en midmorning & midafternoon could provide the opportunity for detecting vortices
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HASI — ACU Acoustic pressure transducer
to detect acoustic noise, turbulence and meteorological
events (e.g. thunderstorm, hail, rain)
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After landing:
surface sou nds_ | @ Sound pressure level of 0 dB corresponds to 20 uPa

Dynamic spectrum of acoustic differential pressure.

Credits: ESA /ASI/UPD /RSSD / IWFE / CNRS / IAA
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