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Roadrr;ap Foundation Materials 8 Fl}i
NASA'’s 2006 Solar System Exploration Roadmap |

NRC DS New Frontiers in the Solar System —

New Frontiers in th

f ewSolur‘:'nS;::el:" * NRC Decadal Survey of 2003

An Inogrcded Exploration Sregy - Science strategy; First Decade - recommended

mission set; Second Decade — mission options;
Technology needs

Solar System Exploration Roadmap of 2003

-~ Accepted most but not all Decadal Survey
recommendations

Vision for Space Exploration — 2004
SSE

RM
2003

Design Reference Missions set

- reflecting an updated assessment of the range of
mission candidates

2006 SSE 10 ration
Roadmap

$-»! Lunar Pathway |
1

Vision for
Space
Exploration
2004
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~Solar System
Evolved

*

)

- Conditions That
Lead to E..ife,{'

e

5 R

volution of Life ™,
Life Elsewhere -~ _

%

(5) :
Hazards & Resources for Humans

"+ How did the Solar System evolve to its current diverse state?
- = What are the characteristics of the Solar System the lead to the origin of life?
« How did life begin and evolve on Earth and has it evolve elsewhere in the SS?

* What are the hazards and resources in the Solar System environment that will

affect the extension of human presence in space?
re-decisional — for discussion purpases only L]

 Habitability of worlds
* Architecture of systems
 Hazards to Earth




Proposed Missions by the SSE Roadmap Team -FL'

2008 W00 2015 2020 2025 2010 035
Y Y : h 4 h A Y h 4

i ! { " tssion Mhases

Recommended 3 mission classes:

CassmrFaygens Flagshep missions: Davelopment ~7 yaars . Development
- {Sarum ¢ Tiean) " ,....ml,,__,_ : [} Cruse
* Flagship class ¢ e R
" Exploverj i :—- A
— ~2 per decade E: LI-.
o Y Explorer
— Directed B | O

— Cost cap: ~$1.5-3B i Prves Fom

e Daved i » Eur, Astmblokw‘ -9
Ezetm L ’# s nl:f’““
. Rmme:.Hax:}rfb * Nexpl?mm.nhm ‘m
L New Frontlers CIass @ Decision Poins: NS - New Stare: T Tochnofogn § Sciencs (dirccead)
205 20 s 20 205 z&go 205
— ~3-4 per decade e T [T e
NmHorhom-Phn:oKu:prelhExplomr ' Development
— Competed - PI lead — [ - Dom
OUNEIN FOST——— . i.] Extended
~ Cost cap: ~$750M | — :

"t- » | Comat Surtace Sample Return

R

i » Venus In Sitw

Explorer (VISE)

New Frontiers class

* Discovery class
— ~4-7 per decade ‘ A I O
— Competed — Pl lead T T

& Decsion Poines: by socnce & technology {competed)

— Cost cap: ~$450M ¥y..¥ ¥ ¥Y.¥ .3 ¥

(Mereury) R : : 11 Crunse

\» Dawn T : ) D Operatons
Reference: E {Vasta/ Ceres) = Ui Extended

] . ; :
SSE Roadmap Team, “Solar System Exploration; This is the Solar System Exploration » ,.G_eﬂenc mmﬁmﬁiﬁ 1
Roadmap for NASA's Science Mission Directorale,” National Aeronautics and Space % i N 4 : > bp A S d
Administration, Science Mission Directorate, Planetary Science Division, Report Number: & ,  TOmenm Opvelopment ~J4 m '

(] ) '.Dtdsionfoims.bycc{enfea chnology (sampeted)

JPL D-35618, September 15, 2006; Website: solarsystem.nasa.gov .
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Science Traceability Matrix =L |

Major Questions - RXA WolY V_-;_}é routiers _ Nl.‘lh&.‘:_hﬂlﬂlx(ﬁl‘nﬂy,i]_:(u‘},_:(’,'
-] = = sl 2 A5 ) = _ L
] . . " R HHEEBEH E BB EREE Z
* Science Objectives are mapped o A2 U A E
ain t th p pO d mission [ Hlow did the Sun’s fafilyfof plancts andfmifor bodcs originate? TS
against 1° proposea n s oy s e oo | ®1 ® * ®] 2] o] ®] O] <[ o] <[ o[ 2[ ] [o[*[®

concepts in each mission class T o e

sune the viningd dharactensts | @ @] ©1 @ Al ot OF A ® O Al ol & (K I

of bodus m the Svlar Sysiem

. . . How did the Solar SFstdm evolve to itdcuffrent diverse state?
— Dlscovery m|38|ons address only Deternnne Trow The procisses Uhat o o o oo oslele
. . . shape planetary hodies operate 1 AL A A af A o] A1 A &) A &) &
a few science objectives nd mtorsen

Uaderstand why the torrestrial

planets are so ditferent from one | o] a o & af @ [ ] ®
. another .
— Learn what our Solm Systew can
New Frontlers are broader’ bUt tell us about exirasolar planctary | Al A Al A Al @ 4] A] @ A [ ]
systerns

What are the characteristicsfof Ihe Solar Systef that led to the arigin of life

— Flagship class missions are i dtration of vofatin and oo ol ol ol o ol o o ol o o
REQU'RED to address certaln argantc ceanpounds 1 the Solu Al afa 4

systen

com Iex SCience Objectives that Determisne ovidetce for a past al a A A ° P

oCeal ot the surtace of Veuus

Sma Ier miSSions can,t address Identify the hahtable soues in A ol o @ P

the outer Solar System

How did life begin and evolve an Harth and las it evpivdd elsewhere in the Solar S ysiem?
Identify the sources of sunple

* Therefore, we need a balanced chemmicals unportant ww prebocie | gl | s o 2|0 |o:]e

wvolution and the emergence of

program that includes Discovery, |«

Evidence for life on Futopa, al a Al al @ PY

New Frontiers AND Flagship = . .

Exidenee for past ife: on Venus
class m issio n s' study Earth's geologic and -

H vlogic reeond to deteriiane the
tistorical  relationship hetween
Farth and 1tv biosphere

Tdentify enviromunentul hazards uhd resources eifabifug human presence in space
: : Dete > the f d dy-
» Some of these missions target s of obyets hat e pone | ®| &] @ s
. H . mipac b hazand 19 Earth
destinations with extreme Thventory anl charasterizs o
ctary resourees that can sustamn | A A @ P [ ]

enVi ro n m e nts ' a n d m ay req u i re and protect haman exploers
H Convention ® Major ot U nique Comnbution & S a0 oy e .
enabllng and/or en hanclng 8B oo smatl hodier NH - New Honzens SPABSH - - Sonth Pale Astken Batin Sazapte Hettun VISE - Venns kn sitg Explo s

. CRER Comet Sarlace Rample Retuin SP Satura Fhyby wath Yhatias Prober ¢ H Carzsng Hoygeas, EE - Eu-opa Expdorer
tech no'og Ies Tt Titan / Friceladus Bxp VAME - Venus Mobite Exp  EAL - Buropa Aastrobielogy Londer NTE - Neptune Triten Lixpiorer
SRR Crpegunie Comef Sprface dample fgrn L 38488 Vivthe Sarfde Seraple Retyra * b yand o 5 L1 apos A Flagadop mresaions

“Boagt kb g aond and apace Dused ohasvass e anth a1 ige of NANG g Do s nedu iy

s bnbhir o od Spatare Sgace Telosopes nil s the e it boade s proposed Dones Yebl Spae Tobox o,
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| Extreme Environment Conditions on the Moon -FLJ

» Surface temperature. Min: -233°C / Max: +197°C - Average: +31°C
Radiation: ~10 rad/year on Moon + crossing the Van Allen radiation belts

Thermal-cycling: -233°C (min) to +123°C (max); fortnightly
Physical corrosion:  Dust + electrostatic charging

Re-entry heat flux: ~1.2 to 1.6 kW/cm? (PICA TPS) for Earth return
Deceleration: ~40 g experienced by Stardust; ~5 g for human missions

N Lunar " N
Thermal cycling South F:o/e Partial gravity

, . (08¢
due to diurnal cycle Vacuum @ A (0.18 g)
T - Pervasive dust &

Micrometeoric Radiation:.galactic cosmic ' electrostatic potential
impacts : rays & solar particles : ~on lunar surface

Extreme low
temperatures

in permanently ‘f Unknown crater

shadowed ——————"””"'/_
craters

floor surfaces

Pre-decisional — for discussion purposes only 9



Lunar Mission Architectures & Targets =L

 Sortie missions building up man—-made surface elements on the Moon
could also pose potential environmental hazards.

— Thus, the design and development of lunar technologies and habitats must
respond effectively to these extreme environments related threats;

— Potentially making lunar architectures complex and challenging.

“Shatkieton crater ~ ~

 Lunar architectures could target

~ Equatorial regions:
* Diurnal cycle — extreme thermal cycling, 2
» Surface temperature could rise to +197°C at lunar “noons”
* Could sink below —233°C at nights.

— Polar craters:

* Permanently shadowed craters — robotic missions for potential ISR; "

« Assuming that these craters could hold a significant amount of easily accessible
water ice, convertible into resources for future missions.

— Permanently or near—permanently sunlit crater rims:
« Such as those of the polar Shackleton and Peary craters;

« Could be chosen for their proximity to possible in situ resources at the bottom of
the craters, combined with solar availability for human bases

Pre-decisional - for discussion purposes only 10
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System Architectures

Protection Systems Component Hardening
Use conventional components; Davelop protection systems Develop technologies tolerant
{Thermal vessel, pressure vessel, radiation shielding etc.) of extreme environments
- " Communication |
Actuator Communication Actuatar
| Sensor | Conventional Electronics " Sensor | Hardened Electronics ;!
Power Source
Ambient conditions | Pgwef Soaurce
Impractical for planned missions Prohibitively expensive for some technologies
Hybrid Architecture

Combination of hardened componenls and enwronmemal protecuon

Communicatlon o
Hardened Electronics

Catuator |
" Sensor ‘ i F;otected Electronics I

Advanced Environmental Vessel / ] Power Source }

Requires development of innovative architectures

Systems architectures for extreme environments can be categorized by:

« the isolation of sensitive materials from hazardous conditions;

* the development of sensitive materials, tolerant to hazardous conditions;
» and an appropriate combination of isolation and tolerance.

Pre-decisional ~ for discussion purposes only
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Key Extreme Environment Technologies

Technology needs could be
categorized into three general
areas:

1. Environmental protection
technologies providing isolation
from extreme environments;

2. Environmental tolerance for
exposed components or
systems;

3.Operations in extreme
environments.

Protection systems: |
— Hypervelocity entry (Earth return)
~ Temperature mitigation

Thermal-cycling
Low-T electronics

Low-T power storage & generation

Low-T mechanisms & sample
acquisition

Low-T surface mobility

Pre-decisional - for discussion purposes only
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Protection Systems:

Hypervelocity Entry — for Earth Sample Return - "FL

Apollo capsule

* The Thermal Protection System
§TPS) protects (insulates) a body
rom the extreme heating
encountered during hypersonic flight
through a planetary atmosphere.

— For lunar missions it is relevant to
Earth return missions

« Ablative materials, such as fully
dense Carbon-Phenolic (C-P) and
PICA, can tolerate ~1 kW/cm?Z

Galileo hernitage
aeroshell concept

» Typical TPS configurations:
— Monolithic & Tiled
— Ablative & Reusable (e.g., shuttle)

« Typical TPS mass fraction values
include: MER (12%); MPF (8.2%);
Stardust (22%); Apollo (13.7%);
Genesis (18%); Pioneer Venus
(13%). Galileo (50%) Technology development could reduce

TPS mass fraction by ~25% to 50%.

Ref: Venkatapathy, Laub, Wright, “Enabling in-situ science: Engineering of the Thermal Protection System for future Venus Entry Missions,”
Chapman Conference, Key Largo, Florida, USA, February.13-16, 2006

Pre-decisional — for discussion purposes only 14




Protectlon Systems -H {

Temperature Mitigation for Lunar In-Situ Missions

*Night time & in shadowed craters: Mast Mounted
— i inei Warm Electronics Inst t
Iszlatlonl inside WEB Box (WEB) (wimnesxt?r‘nr;‘lehr;a?em)
* Aeroge nternal .
(good insulation, no conduction) Heators () “: Subsystems
—very low thermal conductivity, (e.g.. RHU, 3 and Payload
~0.1 W/mK; density ~20 kg/m? resistance) (inside WEB)

* Multi-Layer Insulation — MLI
(great performance in vacuum)

— made of closely spaced,
and layered Mylar or Kapton,
coated with thin film of
aluminum, silver or gold

* Internal heaters
—E.g., resistance heating, RHU

Protected
Electronics

. . . . Robotic Arm
* Daytime with solar availability: (with heated I°'m> WEB Insulation
— Removal of self generated heat (0.9 ML, aerogel)
from inside .the WEB by. I . Extema, \ Sample
 reduced internal heating & G Sensors Aquisition

heat loss through walls

* by active cooling
—e.g., fluid loop, heat pipe

L - lilustration of low temperature mitigation
Pre-decisional — for discussion purposes only 16
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Thermal Cycling .~ I

Thermal cycling impacts
— In situ missions close to the Sun (e.g., out to Mars or 1.5 AU), and
— With short diurnal cycle (e.g., Moon, & Mars).

Temperature

Shorter diurnal cycles impact thermal cycling more significantly g

— Lunar & Mars in situ missions are most affected;
» Moon: 28 Earth days cycle, with +197°C to -233°C
* Mars 24.6 Earth hours cycle, with +27°C to -143°C

— Impact of thermal cycling is also influenced by landing location, due
to the tilt of the planet or moon.

For Lunar missions, low temperatures are the principle concern

— Generally, lunar surface missions could be designed with insulation
and active heating systems to protect electronics from the cold
environment.

— However, operational systems designed to tolerate a high number of
cycles would have the strongest effect on these missions (e.g.,
complexity, cost, risk).

Pre-decisional — for discussion purposes only
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Low Temperature Electronics

- Lowest temperatures at NASA Roadmap mission targets:
— At the Lunar South Pole — Aitken Basin region
- In permanently shadowed craters

* Widest temperature swing:
— For rovers and hoppers, which are
— Moving from non-shadowed to permanently shadowed regions

 State—of-the—Art (SoA) on low temperature electronics

— Most commercial off the shelf (COTS) and military electronic circuits are
rated to operate between =55°C to +125°C.

— This necessitates thermal control systems such as a centralized Warm
Electronics Box (WEB) to protect their electronic subsystems from the
temperature extremes.

— Limitations of the WEB approach:
» Uses power relatively inefficiently.

 Complicates the design due to large wire harness needs to connect the protected
electronics to the various unshielded loads at the extremities of the robotic system
(E.g., MER required about 1,800 individual wires).

« This approach is clearly not robust; not modular; not scalable to significantly
more complex robotic exploration systems.

* Anticipated technology development
— Electronics that operate in low temperature ranges, eliminating the
need for a WEB (e.g., Si and SiGe transistors)
« Simpler integrated system; easier to maintain

* Allows for integrated, modular subsystems; loosely coupled in distributed
networks.
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Power Storage and Generation: -H

Low Temperature Energy Storage

* Potential low-temperature energy storage systems include:
i) Primary Low—Temperature Batteries;
ii) Secondary Low-Temperature Batteries (rechargeable); and

iii) Alternative Low-Temperature Energy Storage Systems
Flywheels, Superconducting Magnetic Energy Storage, Combustion—-Driven Turbine Systems,
and Hybrid Systems using thermal batteries.

- State—of-the-Art (SoA) on space qualified batteries:

— Designed to operate at —20°C to 40°C range;

— Virtually all of them cease to function at temperatures below -50°C;

— Require thermal management system at lower temperatures
* E.g, solar-powered electrical heaters or radioisotope heaters (RHU);

— Typical primary and secondary battery systems are -
» Ni-Cd, Pb-Acid, Ni-MH, and Zn Carbon, Mg—-Mn0O2, Zn-MnO2; and Li-based;

— Secondary batteries are typically used in hybrid power system configurations
» E.g, Solar panels + batteries & RPSs + batteries.

* Anticipated technology development

— A number of existing terrestrial primary and rechargeable batteries could operate at =100°C
after some modifications/advancements;

— Advanced Low Temperature Battery: Limited work on batteries operating at very low
temperatures (down to -200°C);

— Alternative energy storage devices: Could be developed to operate at ultra~low temperatures
(below -180°C).
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Power Storage and Generation: -n‘

Power Generation - MMRTG

*Multi-Mission RTG (MMRTG)
Fluid loop / Cooling fins — Heat Source: 8 GPHS modules

— Design Life: 14 Years +
Storage

— Power BOM/14 years: 123 We
/ 97 We

— System efficiency: 6.3%

— Mass: 43.5 kg (2.8 We/kg BOM)

~ Size: 66 cm L x 64 cm Diameter
fin tip-to-tip

— Advantages: Flight Heritage;
Inherent Reliability; Radiation

Tolerant; Multi Mission
capability; TRL 9 bngQ

fop~
&

MMRTG housing 7, Fiuid loop

Concept designed for MSL

Excess heat from the MMRTG could R*ste IES been used
on oon, e.g., on 1§
be used for thermal management on Apolio 16 - YA

Lunar missions
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Power Storage and Generation: A

Power Generation - ASRG

S

ASRG Concept

SunPower Stirling Convertor

» Advanced Stirling Radioisotope
Generator (ASRG) — Conceptual
— Heat Source: 2 GPHS modules
— Design Life: 14 Years + Storage
— Power BOM/14 years: 143 We/126 We
— System efficiency: ~28%
— Mass: ~20.2 kg (7 We/kg BOM)
— Size: 76 cmLx39cmWx46cmH
— Advantages: High efficiency; High
Specific Power; Multi Mission capability;
TRL 5/6 by 2008

ASRGs generate % of the excess heat
of an MMRTG, however, they also use
only % of the fuel, which could provide
benefits on larger Lunar missions,
requiring more power
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* Motors & actuators

— Direct interface with the environment:
sample acquisition; mobility, robotic arms, and other
applications;

— Reliable operation on the Moon (-233°C to +197°C);
— Over an extended periods of time,
— Without or with very limited thermal control;

Honeybee: Sample
processing

 State—of-the—Art (SoA) on low-T mechanisms

— MER; Mars Pathfinder; Apollo rover — SoA in
low-T robotics

— Operation on Mars — from -115°C to 0°C;

— Operation of mechanisms, position sensors, gears,
bearings, and lubricants limited to =130°C and to
1,000, 00 revolutions;

— Harmonic gears are limited to operation at —-80°C.

* Anticipated technology development
— Operating temperature: — down to =233°C

— Extended life. — 50,000,000 revolutions for gears,
bearings, and lubricants.

- Develor — materials, sensors, actuators motors,
thermal control; electronics: cablmg

— Mechanisms: — to operate in vacuum.

Honeybee | robotnc joints

Low-T is relatively simple to mitigate, using resistance heating, or
possibly Radioisotope Heater Units (RHUs) through contact heating

Apolio rover
Pre-decisional - for discussion purposes only . 21




* Mobility is one of the highest
power drivers on a space mission

 In permanently shadowed craters [~~~
internal power sources would be |.
required, such as RPSs

« Small MER class rovers would
require ~80-120 We for traversing
(equivalent to ~1 RPS)

| ATLETE et GRSMIRL)
’ i R P .ﬁs ; sk

 Typically rovers would utilize a
hybrid power system:

t (NASA/P M . conceptw/smallRPSs  » . 7 i
: p ( L):ﬁ,ﬁ“"fs?» (NASA/IPL)™ 7 wemme = 70

— High power modes: T
RPS-+batteries =
— Low power modes: recharging
batteries

For mobility inside permanently shadowed craters
moving parts, motors, actuators need to be heated
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Conclusions

Potential future Lunar missions will |ike|(¥ encounter
multiple extreme environmental conditions
— Mitigating these conditions may require the development of

technologies, designed for multiple environmental
extremes.

In general, there may be several architectural approaches
for coping with these environments,

— some involving environmental protection;
— others environmental tolerance;
— or a combination of both (i.e., a hybrid system).

Systems analyses and architectural trades will be needed

- to develop specific performance targets for the different
technologies;

— and to establish priorities in the technology investment
program.

In summary, future Lunar missions are expected to
benefit from technology developments in
— Component hardening; low temperature technologies in energy
storage; electronics; and mechanisms; while tolerating
temperature cycling between extremes.
— Thermal management, in combination with waste heat utilization

from RPSs may play an important role in the exploration of
permanently shadowed craters
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Ref: Copernicus Crater http://photojournal.jpl.nasa.gov




