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Rovers Provided Increased Moon Mobility in Apollo 15, 16, and 17 Missions Ron, Busy at Lunar Rover Thermal Model Control Console
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* Previous Testing and Apollo Experiences with Lunar Dust

* Dust Effects on Extended Extraterrestrial Missions

* Post-Apollo Lunar Dust Testing for Strategic Knowledge Gaps
* Dust Mitigation Options for Future Lunar Exploration

* Experience Based Recommendations for Coping with Dust
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Figure 2--Close up of Wheel and Fender. Figure 1--Text Fixture and Instrumentation in C-135A aircraft.

Previous Apollo Rover Dust Removal/Prevention Testing =
APOLLO 15 - LUNAR ROVER SOLAR HEATING AND MOON TEMPERATURE - LUROVA™ Data for WOTM

* 1970 MSFC KC-135 Vacuum/Reduced Gravity

® 1967 MSFC Earth- Based Dust Removal Testlng Results
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FRACTION OF DUST COVERAGE, X

® 1970 MSC Earth-Based Dust Removal Test Results with Apollo 12

1. Brushing AdAust the sample surface
erffective methed of removing dust.

2. The nylon-bristle brush is far superior to
1The brass-oristle brush Tor removing Lthe lunar dast
from the sample surface.

3. There 1is apparently no significant differ-—
ence bBeltween the effect of lunar dust which was

is an

R-5

stored in a vacuum and that which was stored in ni-
trogen when both types of dust are mpplied in =
vacuum environment.,
. There is a wide varijiation in adhesion orf
lunar dust to various materials.
As a result of these lunar-dust-deposition tests

in a vecuum environment,
comments are made:

1. The nylon-bristle brush bHs guite efficient
and should be considered for use in removing
dust from thermal control materials.

2. In future ground tests of this type, lunar
dust which is stored in a nitrogen environment at
atmospheric pressure can be used in vacuum tests
without significant loss in efficliency.

the following additional

3. Of the possible thermal control materials
for use in lunar surface opersations, guartz sccond-—
surface mirrors, which are highly efficient ther-
mally, can apparently be cleancd casily

lunar —

240]

220,

200k
0 .02 .04

.06 .08 .10 .12 .14 .16 .18 .20
¢ Brushing Restored Near-
Original Solar Absorptance

* Fluid Jet Was Superior, but Had
Weight and Safety Issues

Apollo Dust Brush
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Forward Chassis Electronics, Batteries, and Radiators
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Isotope
Heater

e elem
of HU blow-off system; 21) fuel cell

or l rin, s the thermal regime b rd the lunokhod ther
rature sors which make it possible to obtain routin
e ccmpera: of all lunokhod sys ems during any communica

* Translated Lunokhod 1 Descrlptlon Appeared in Dec

e Dust Accumulation on ALSEP
Experiment Equipment May Have

R-18

Contributed to Temperatures

Indications that Passive Returns from
ALSEP Laser Ranging Retro-Reflectors

Continuously Increasing Until
“Turn-off” in Sept. 1977

R-19

Continue to be Degraded by

Accumulated Lunar Dust Apollo LRRR

1971

® Russians Successfully Used Nuclear Isotope Heat Sources for Several Lunar Night
Cycles on Their Much Slower Moving Lunokhod (Moonwalker) Robotic Rovers

Gen. Dovgan Shared in 2004 How Accidental Dust on

Elevated Radiator Doomed Lunokhod 2 in 1973 |r-17

* Lunar Dust May
Have Contributed
to Chinese Yutu
“Jade Rabbit”
Robotic Rover’s
Early Mobility
Demise in 2014

R-20

Chinese Yutu Rover
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* Overhead Self-portrait of Mars Exploration Rover

“Opportunity” Taken in Late March 2014 (Right) Shows MMRTG

that Much of the Dust on Solar Arrays was Removed, Since
a Similar Portrait from January 2014 (Left)

R-22

Opportunity Rover

R-21

* Dust Deposited on
Opportunity Solar
Panels Significantly
Reduced Power
Generation Capability

* Mars Robotic Opportunity Rover Was Cleaned of Heavy Dust Coating on Solar Panels
Thanks to Strong Winds Blowing Over the Rim of Endeavor Crater

* Newest “Curiosity” Mars Science Laboratory Rover Avoids Adverse Dust Effects by
Replacing Solar Panels with a Multi-Mission Radioisotope Thermoelectric Generator

Curiosity Self-portrait
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* Dust Related Strategic Knowledge Gaps Identified by 2016 Lunar Exploration Analysis Group Special Action Team
- Theme lll is to “Understand How to Work and Live on the Lunar Surface”

Exploration | Messurements or R-23
Status Science or | Mission needed to Notes 2016 Assessment
Technology retire SKG

Strategic Narrative (modified from LEAG Enabling or

Knowledge Gap 2012 GAP SAT report) Enhancing

11I-D-1 Test conceptual mitigation Enhancing for short- OPEN |Technology Missions to the lunar  |Larry Taylor sintering work at Univ. of Tennessee.
Lunar dust strategies for hardware interactions [duration (= 25 days) surface, at both polar
remediation with lunar fines, such as hardware 'é‘::;l'i:::('ﬁ'::hg o f:;‘;t’i';’:s'p:’;::mg dust
epcapsulatlon and mlcrowave sustained human ' remediati'on techniques,
sintering of lunar regolith to reduce |operations on the are required to retire
dust prevalence. Moon. this gap.
1lI-D-2 In situ grain charging and attractive |Enhancing for short- OPEN |Technology Missions to the lunar  |Gecko' space suit fabric at NASA-JSC.
Regolith adhesion |forces, and cohesive forces under |duration (= 28 days) surface, at both polar
to human systems |appropriate plasma conditions to lunar missions. and non-polar Electro-static "curtain’ experiments at NASA-KSC.
and associated account for electrical dissipation. | napling for long-term, jocalions, feating
X . o ©  |sustained human technigues to counter |DREAM2 SSERVI node.
mechanical Analysis of wear on joints and operations on the regolith adhesion, are
degradation bearings, especially on space Moon. required to retire this  |ARES STRATA-1 asteroid regoilth experiment on
suits. gap. ISS.
ln-J-2 The Apollo J-missions clearly Enhancing for short- OPEN |Technology Missions to the lunar  |Desert RATS 2010-2011 efforts; JSC/ER small
Mobile habitat showed the benefits of mobility Icluraatior.\ (s. 28 days) surftace usi(r’lg mg?ility pressurized rover; JSC/EA habitat; JPL Athlete.
when it comes to human unar missions. systems and mobile
exploration of a planetary surface Enabling for long-term, habitats, are required to|Continuing JSC efforts on multi-mission space
p . P y * |sustained human retire this gap. exploration vehicle (MMSEY).
Pressurized rovers used as short- |yoerations on the
duration field camps, or larger Moon.
mobile habitats for longer duration
exploration of a large region of the
Moon may provide an exploration
architecture that is not necessarily
fixed to one point on the lunar
surface.

* Additional “Lunar Dust Adhesion Bell-Jar” Testing by Dr. James Gaier at GRC, and “Dusty Plasma Lab” Testing by Dr. Mian Abbas at MSFC

Testing Gaps ldentified for Dust Adhesion & Remediation and Mobile Human Habitats — Present Pursuits Listed
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Lunar Mobility and Surface Trafficability Testing Gaps Identified — Resource Prospector Rover Being Studied

Strategic

Knowledge Gap

-J-4
Human mobility

Narrative (modified from LEAG
2012 GAP SAT report)

Human crews on the Moon need
spacesuits to explore and work out
on the luar surface. Also, the Apollo
J-missions clearly showed the
benefits of mobility when it comes
to human exploration of a planetary
surface. Unpressurized rovers like
the Apollo LRV, or one-person
Segway-like vehicles could be
used for local transportation, while
pressurized rovers could provide
for longer multi-day traverses.

Enabling or
Enhancing

Enabling for all human
missions fo the Moon.

Exploration

Science or

Technolo:
Technology

Status

OPEN

Messurements or
Mission needed to
retire SKG

Missicns to the lunar

surface, using multiple

types of human mobility
systems, are required
to retire this gap.

Notes 2016 Assessment

Desert RATS 2008-2011 efforts; JSC/ER scout,

chariot, and small pressurized rovers.

Continuing JSC efforts on multi-mission space
exploration vehicle (MMSEVY).

Continuing JSC efforts on Z-2 suit. Need info on

lunar PLSS.

R-23

sustained human
operations on the
Moon.

geotechnical properties
of the lunar regolith and
conducting trafficability
experiments in polar,
pyroclastic, and young
impact melt terrains are
required to retire this

-C-1 Production of relevant lunar soil Enhancing for short- OPEN |Technology Over 20 different lunar |Over 20 different lunar simulants exist, world wide.
Lunar surface simulants. Geo-technical testing ~ |duration (s 28 days) simulants exist, world o N o _
trafficability - (especially trafficability) of gna;lmlssflor;s. t wldel. Terr;alstnﬂg_ Unwgrslrt)t«_competltlon at KSC involving regolith
modeling prototype or test hardware in high s::tai:'gd %L;';%‘ erm, %‘m Manipulation.

fidelity regolith simulants. Not sperations on the multiple lunar simulants |APL SSERVI node

required for Apollo-zone Moon. is required to retire this

exploration, but important for gap. NASA ISRU types at KSC; NASA robotic types at

unexplored areas like regional JSC, Ames, JPL; Lunar Catalyst types such as Red

pyroclastic deposits, the lunar Whittaker

poles, and melt sheets of large

impact craters.
-C-2 Characterization of geotechnical  |Enhancing for short- OPEN |Technology Missions to the lunar  |Requires a NASA (or NASA-funded partner) rover
Lunar surface properties and hardware duration (= 28 days) surface, at both polar |to traverse on the Moon. The Resource Prospector
trafficability - in situ |performance during regolith lunar missions. and r)on-polar ' Project rover is the qny NASA lunar rover in
measurements interactions on the lunar surface. |-aoind for long-term, locations, measuring _ |development and this projectis not aporoved to do

the Moon. NASA partners, such a Lunar Catalyst
or Lunar Google X Prize may provide some useful
information.
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Apollo 17 Last EVA and After
20 A +249 deg. F for Latitude = 20.16 N Forward Chassis / . . .
= Component ¥4 * Mining Rovers Like
" Temperatures // ; /// Daytime \ « ”
w Survival Power Required for 60 deg. F / / / l;:’:‘::::‘ \\ \ RESOU rce P rOSpectO r
w RS Insulated with N\ . 37.4watts for 53.6 kg Batteries | +vers Closed ¥ . . .
{‘? ° Ilsollu'o:an: \\\ Y 247 weithrikgforSyhours ¢ & \\ WI I I Req u I re Ad d Itl O n a I
L et coversopen Zv\ Lunar Night = 14.75 Earth Days UROVA™ . .
g. =0.35 coves| Power to Survive in
S \
E™ 1 oo rempemune Lunar Temperature
- \ - Extremes DMLRV Conceptual Design.
oo s T SS sunrse | R-24 e Dual Mode LRV with RTG Studied for Apollo 18

* Cancelled Non-Nuclear Energy Collection and Storage
Project for “Night Rover” Centennial Challenge

JSC “Chariot” Provides Dust Isolation

Time - hours

R-27

REAR-ENTRY SUIT PORT FOR EASY ACCESS

Z-2 Suit

R-28

SUITRING

INTERIOR
OF VEMICLE

The Z-2's suit port allows astronauts to slide
directly from within a pressurized vehicle
into a spacesuit. The inner hatch cover and
portable life support system (PLSS) are
removed to gain access to the suit.

ASTRONAUT ENTERING SUIT

VEHICLE

Earlier NASA suits were
split into separate pants
and torso sections
(above). The Russian
Orlan suit used since 1977
has a rear hatch for entry.

and JPL Concept with MMRTG Power

Rovers Like - Closed Thermal Systems Avoid Dust Exposure

Chariot with Issues for Space Radiators
Astronaut Z-2 Isolators in
Suits or I-Suit || meetany

Covers Can

Dust
free suit
entrv/

Provide Dust
Avoidance for
Astronaut
Explorers

Dust Retardants
Also Being
Studied

-|-Suit with a modified DuPont Tyvek® cover
garment in first order interface test

Elevated Grating - dust drops

Protective “Tent” — a place to
to surface off boots

“hang-up your coat”

Operational scenario for reusable space suit
covers on the lunar surface

Nuclear Power and Dust Avoidance are Keys to Success in Future Lunar Exploration — Potential Pursuits
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* Be Very Careful with Interpretation/Extrapolation of Earth Based Dust Testing Results
- Lesson Learned that Pre-Apollo Testing for Dust Removal by Brushing was Misleading

Remove/Minimize Astronauts Having to Spend Valuable Time on Lunar Dust Removal
- Design Exploration Systems that Isolate Astronauts and Equipment from Dust Exposure
- Focus on Nuclear Systems to Provide Power (Especially for the Long Lunar Nights)

NASA JPL ATHLETE Rover

 Dual Mode (Crewed, Followed by Robotic Operation) Rovers Increase Utility for Exploration

* Full Coverage Fenders are Required for Wheels (Especially for Higher Speed Rovers)

(roving.ron@gmail.com)

* Can Rely on Experience and Advice of
Apollo Exploration Veterans [r-30

* LUROVA™ (Lunar Roving Adventures)
Simulation Can be Used for Analyses

. . . ‘S F @™ Astronauts Were Presented with Fender Extension from LRV
and Interactive Exploratlon Experlence Ron Creel with Apollo Rover Mobility M/4 Test Unit Qualification Unit Autographed by MSFC Support Team

[ ]11




LUROVA™ (LUnar ROVing Adventures) Simulation Game Being Developed
for Student STEM Challenge and Interactive Exploration Experience -

Thermal Model

Apollo Lunar Rover Mission Support
4 Thermal Model Used for NASA
ﬁs::m GSFC and GRC Exploration Reports, ARC = Ames Research Center

R N e ARC “Virtual Worlds” Workshop, GRC = Glenn Research Center
“Night Rover” Centennial Challenge, GSFC = Goddard Space Flight Center

and TFAWS Conferences
(2006 and 2014)

Apolio 17 LastE VA and After
Locaton: 20.16 N, 30 85 €

r_ 26 kilowatt-hr of Energy/Heat
Required for Survival of Electronics

Render Engine Used To

Create Detailed Surface
Model of NASA Lunar Rover

(Poster Created in 2005)

\ STEM Simulation Game Being

LRO Terrain Data Programmed for Realistic

- Exploration Experience
(2014-2016)

Rover Surface and Thermal Models
Combined with NASA Lunar
Reconnaissance Orbiter (LRO)
Terrain Data for Exploration Realism
(2014-2016)

LUROVA™ STEM Simulation Game Demonstration
Video Showing Development Progress: STEM = Science, Technology, Engineering, and Mathematics
TFAWS = Thermal and Fluids Analysis Workshop

https://drive.google.com/file/d/0BxRJjyvPeTKkZExaak44b29kVkU/view

roving.ron@gmail.com Good Progress Being Made in Developing LUROVA™ for STEM

12
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Acronyms References
ALSEP Apollo Lunar Surface Experiments Package R-1 Back to the Future - Retrospective Thermal Experiences for Apollo Lunar Surface Journal and Lectures
APL Applied Physics Laboratory . . . .
ARES A . . . R-2  Working On The Moon — Exploration Information Sub-section of the Lunar Surface Journal
stromaterials Research and Exploration Science . . . .
ATHLETE  All-Terrain Hex-Limbed Extra-Terrestrial Explorer R-3  Lunar Dust Degradation Effects and Removal/Prevention Concepts Final Report (Nortronics - June 1967)
DREAM2 Dynamic Response of the Environments at Asteroids, R-4 A Study of the MSFC Lunar Roving Vehicle Dust Profile Test Program (University of Alabama - 1971)
the Moon, and moons of Mars R-5 Lunar Dust Deposition Effects on the Solar Absorptance of Thermal Control Materials (MSC - Apr. 1971)
DGU Directional Gyro Unit R-6  Lunar Roving Vehicle Operations Handbook (Boeing - 1971)
EA Enterprise ArCh'fECt“’e _ _ o R-7 Apollo Pictures Archives and Wagner Lessons Learned Constellation Lunar Dust Management Report (2006)
ESA ii?:;":;:;\;ﬁ:’;“;;igﬂ Simulation Division at JSC R-8 AS-510 Flight Evaluation Working Group (FEWG) Report for Apollo 15
GRC Glenn Research Center R-9 AS-511 Fll.ght Evaluatl‘on Work{ng Group (FEWG) Report for Apollo 16
ISRU In-Situ Resource Utilization R-10 AS-512 Flight Evaluation Working Group (FEWG) Report for Apollo 17
JPL Jet Propulsion Laboratory R-11 From Render Engine to Thermal Model — LUROVA™ Update Presented at TFAWS 2014
JsC Johnson Space Center R-12 NASA Lunar Exploration Audio/Video Transcripts/Recordings Provided In Lunar Surface Journal
KSC Kennedy Space Center R-13 Surface Electrical Properties Experiment Final Report (MIT - 1974)
LEAG Lunar Expl9raﬁon Analysis Group R-14 Apollo 17 Mission Report (JSC - March 1973)
LRRR Laser Ranging Retro Reflector R-15 Apollo Experience Report - Thermal Design of the ALSEP (MSC - March 1972)
LRV Lunar Roving Vehicle

R-16 Lunokhod 1 Mobile Lunar Laboratory — Nov. 22, 1971 Translation of Russian Document

LSS4 L Soil Simulant 4
unar sof’ simu'an R-17 Roving in Russia — Article About Trip to St. Petersburg, Russia in SAIC Nov.-Dec. 2004 Bridge Newsletter

LUROVA LUnar ROVing Adventures (Simulation Game)

MIT Massachusetts Institute of Technology R-18 ALSEP Termination Report (NASA - 1979)

MMRTG Multi-Mission Radioisotope Thermoelectric Generator R-19 http://lunarnetworks.blogspot.com/2010/03/long-term-degradation-of-optics-on-moon.html
MMSEV  Multi-Mission Space Exploration Vehicle R-20 https://en.wikipedia.org/wiki/Yutu (rover)

MsC Manned Spacecraft Center R-21 http://www.ipl.nasa.gov/news/news.php?release=2014-118 (Wind Cleaning of Solar Panels)
MSFC  Marshall Space Flight Center R-22 https://www.nasa.gov/image-feature/jpl/pia20316/curiosity-self-portrait-at-martian-sand-dune
NASA National Aeronautics and Space Administration

R-23 SKG SAT Theme 3 (LEAG - September 2016)

PLSS Portable Life S t Syst
orrapie Lite Support system R-24 LUROVA™ Used for NASA Goddard Technology Development (2006) & Night Rover Trade Studies (2012-13)

RATS Research And Technology Studies

RR Right Rear R-25 Dual Mode Lunar Roving Vehicle (1969) and Nuclear Power for Exploration - 2004 Inter. Sp. Dev. Conference
SAT Special Action Team R-26 JPL Concept for a Radioisotope Powered Dual Mode Lunar Rover (2006)

SEP Surface Electrical Properties R-27 JSC Next Generation Rover for Lunar Exploration (Dec. 2007)

SKG Strategic Knowledge Gap R-28 https://www.nasa.gov/feature/the-next-generation-of-suit-technologies

SPU Signal Processing Unit R-29 Dust Mitigation Solutions for Lunar and Mars Surface Systems (ILC Dover - 2007)

SSERVI  Solar System Exploration Research Virtual Institute
WOTM  Working On The Moon (Apollo Lunar Surface Journal)

R-30 LUROVA™ Retrospective Thermal Experiences Book Being Prepared for STEM and Space Enthusiasts 13



