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  OUTLINE	
  
	
  

•  Previous	
  Tes5ng	
  and	
  Apollo	
  Experiences	
  with	
  Lunar	
  Dust	
  

•  Dust	
  Effects	
  on	
  Extended	
  Extraterrestrial	
  Missions	
  

•  Post-­‐Apollo	
  Lunar	
  Dust	
  Tes5ng	
  for	
  Strategic	
  Knowledge	
  Gaps	
  

•  Dust	
  Mi5ga5on	
  Op5ons	
  for	
  Future	
  Lunar	
  Explora5on	
  

•  Experience	
  Based	
  Recommenda5ons	
  for	
  Coping	
  with	
  Dust	
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Previous	
  Apollo	
  Rover	
  Dust	
  Removal/Preven5on	
  Tes5ng	
  

	
  Misleading	
  1967/1970	
  Earth	
  Based	
  Tes5ng	
  for	
  Dust	
  Removal	
  by	
  Brushing	
  –	
  Fender	
  U5lity	
  Verified	
  in	
  1970	
  	
  

• 	
  	
  Brushing	
  Restored	
  Near-­‐	
  
	
  
	
  	
  	
  	
  	
  	
  Original	
  Solar	
  Absorptance	
  

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

	
  

Dust	
  Significantly	
  Increases	
  Amount	
  of	
  Solar	
  Heat	
  	
  
	
  	
  	
  	
  	
  	
  	
  Absorbed	
  by	
  Space	
  Radiators	
  

•  1970	
  MSFC	
  KC-­‐135	
  Vacuum/Reduced	
  Gravity	
  	
  	
  
	
  	
  	
  	
  	
  	
  Tests	
  with	
  LSS4	
  -­‐	
  Verified	
  Need	
  for	
  Fenders	
  	
  

• 	
  	
  1970	
  MSC	
  Earth-­‐Based	
  Dust	
  Removal	
  Test	
  Results	
  with	
  Apollo	
  12	
  
Dust	
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-­‐	
  	
  LUROVA™	
  Data	
  for	
  WOTM	
  

R-­‐2	
  

R-­‐5	
  

R-­‐4	
  

Apollo	
  Dust	
  Brush	
  

R-­‐3	
  

• 	
  	
  1967	
  MSFC	
  Earth-­‐Based	
  Dust	
  Removal	
  Tes5ng	
  Results	
  

Brush Test Apparatus  



RR	
  Fender	
  Extensions	
  
Lost	
  on	
  Apollo	
  16	
  &	
  17	
  *	
  

Lunar	
  Rover	
  Explora5on	
  Thermal	
  Experiences	
  with	
  Dust	
  

Valuable	
  Astronaut	
  Time	
  Spent	
  Coping	
  with	
  Adverse	
  Lunar	
  Dust	
  Effects	
  on	
  Rela5vely	
  Short	
  Explora5on	
  Excursions	
  

Forward	
  Chassis	
  Electronics,	
  Baaeries,	
  and	
  Radiators	
  

Dust	
  on	
  Radiators	
  

*	
  

Fender	
  Repair	
  on	
  Apollo	
  17	
  *	
  

*	
  *	
  

Silver	
  Snoopy	
  	
  
for	
  LUROVA™	
  
Simula5on	
  

Compiled	
  by	
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  –	
  Apollo	
  LRV	
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  Member	
  

Clean	
  αS=	
  0.07	
  	
  
αS=	
  0.45	
  	
  

αS=	
  0.35	
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R-­‐6	
  

R-­‐7	
  

R-­‐9	
   R-­‐10	
  

Astronaut	
  Brushing	
  Space	
  Radiator	
  
-­‐2	
   R-­‐8	
  

αS=	
  0.25	
  	
  



•  Mission	
  Control	
  Appreciated	
  that	
  LUROVA	
  	
  	
  	
  Provided	
  
Dependable	
  and	
  Accurate	
  Thermal	
  Predic5ons	
  	
  	
  	
  	
  

LUROVA	
  	
  
Thermal	
  Simula5on	
  

•  Radiators	
  on	
  Television	
  Camera	
  and	
  
Lunar	
  Communica5ons	
  Relay	
  Unit	
  
	
  	
  	
  	
  	
  	
  	
  	
  Required	
  Repeated	
  Brushing	
  	
  	
  	
  	
  

Addi5onal	
  Apollo	
  Explora5on	
  Experiences	
  with	
  Dust	
  

Lunar	
  Dust	
  Degraded	
  Other	
  Rover	
  Radiators	
  and	
  Explora5on	
  Equipment	
  -­‐	
  Health	
  Concern	
  for	
  Astronauts	
  

Compiled	
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•  Astronauts	
  Could	
  
Not	
  Avoid	
  

Gecng	
  Lunar	
  
Dust	
  on	
  

Deployed	
  ALSEP	
  
Experiments	
  

LUROVA™	
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R-­‐12	
  

R-­‐13	
  

R-­‐11	
  
•  MIT	
  Engineers	
  Counseled	
  About	
  
Dust	
  for	
  Surface	
  Electrical	
  Proper5es	
  

(SEP)	
  Experiment	
  Radiator	
  	
  	
  	
  

•  Astronaut	
  Explorers	
  Have	
  Highlighted	
  
Explora5on	
  Problems	
  with	
  Lunar	
  Dust	
  

R-­‐14	
  

-­‐3	
  

Apollo	
  17	
  Lunar	
  Roving	
  Vehicle	
  –	
  EVA	
  3	
  
Baaery	
  No.	
  1	
  –	
  Temperature	
  vs.	
  Time	
  (hours)	
  	
  	
  	
  

	
  	
  	
  ACTUAL	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  	
  PREDICTION	
  

	
  	
  	
  	
  	
  Dust	
  Covers	
  Opened	
  
at	
  StaCon	
  Stop	
  6	
  

Radiator	
  αS=	
  0.35	
  	
  

™	
  	
  	
  

™	
  

R-­‐15	
  

Temp	
  –	
  Deg.	
  F	
  

+
BaLery	
  1	
  

	
  95	
  
100	
  
108	
  

115	
  
122	
  
132	
  
138	
  

110	
  

1 3 5 7

RTG	
  

ALSEP	
  External	
  Temperatures	
  

ALSEP	
  Internal	
  	
  
Temperatures	
  Using	
  	
  
RTG	
  Supplied	
  Power	
  

RTG	
  

NOON	
  

NOON	
  



•  Translated	
  Lunokhod	
  1	
  Descrip5on	
  Appeared	
  in	
  Dec.	
  1971	
  	
  	
  	
  

Dust	
  Effects	
  on	
  Lunar	
  Extended	
  Extraterrestrial	
  Missions	
  

American	
  ALSEP	
  Experiments,	
  and	
  Russian	
  &	
  Chinese	
  Robo5c	
  Rovers	
  Were	
  Adversely	
  Affected	
  by	
  Lunar	
  Dust	
  

• 	
  	
  Russians	
  Successfully	
  Used	
  Nuclear	
  Isotope	
  Heat	
  Sources	
  for	
  Several	
  Lunar	
  Night	
  	
  
	
  	
  	
  	
  	
  Cycles	
  on	
  Their	
  Much	
  Slower	
  Moving	
  Lunokhod	
  (Moonwalker)	
  Robo5c	
  Rovers	
  	
  

Isotope 
Heater 

•  Gen.	
  Dovgan	
  Shared	
  in	
  2004	
  How	
  Accidental	
  Dust	
  on	
  
Elevated	
  Radiator	
  Doomed	
  Lunokhod	
  2	
  in	
  1973	
  	
  	
  

Solar	
  Panel	
  

Radiator	
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•  Dust	
  Accumula5on	
  on	
  ALSEP	
  
Experiment	
  Equipment	
  May	
  Have	
  
Contributed	
  to	
  Temperatures	
  	
  	
  	
  
Con5nuously	
  Increasing	
  Un5l	
  	
  
“Turn-­‐off”	
  in	
  Sept.	
  1977	
  

•  Indica5ons	
  that	
  Passive	
  Returns	
  from	
  
ALSEP	
  Laser	
  Ranging	
  Retro-­‐Reflectors	
  

Con5nue	
  to	
  be	
  Degraded	
  by	
  
Accumulated	
  Lunar	
  Dust	
  

•  Lunar	
  Dust	
  	
  May	
  
Have	
  Contributed	
  	
  

	
  	
  	
  	
  	
  	
  to	
  Chinese	
  Yutu	
  	
  
	
  	
  	
  	
  	
  “Jade	
  Rabbit”	
  	
  

	
  	
  	
  	
  	
  	
  Robo5c	
  Rover’s	
  	
  
	
  	
  	
  	
  	
  	
  Early	
  Mobility	
  	
  
	
  	
  	
  	
  	
  	
  	
  Demise	
  in	
  2014	
  

Apollo	
  LRRR	
   Chinese	
  Yutu	
  Rover	
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R-­‐16	
  

R-­‐17	
  

R-­‐18	
  

R-­‐19	
   R-­‐20	
  



Variable	
  Wind	
  on	
  Mars	
  was	
  Helpful	
  in	
  Removing	
  Dust	
  from	
  Rover	
  Surfaces	
  –	
  Curiosity	
  Rover	
  Now	
  Uses	
  MMRTG	
  for	
  Power	
  

Dust	
  Effects	
  on	
  Mars	
  Extended	
  Extraterrestrial	
  Missions	
  Compiled	
  by	
  Ron	
  Creel	
  –	
  Apollo	
  LRV	
  Team	
  Member	
  

•  Mars	
  Robo5c	
  Opportunity	
  Rover	
  Was	
  Cleaned	
  of	
  Heavy	
  Dust	
  Coa5ng	
  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	
  Mul5-­‐Mission	
  Radioisotope	
  Thermoelectric	
  Generator	
  	
  

	
  

•  Overhead	
  Self-­‐portrait	
  of	
  Mars	
  Explora5on	
  Rover	
  
“Opportunity”	
  Taken	
  in	
  Late	
  March	
  2014	
  (Right)	
  Shows	
  

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

Curiosity	
  Self-­‐portrait	
  

Opportunity	
  Rover	
  

•  Dust	
  Deposited	
  on	
  
Opportunity	
  Solar	
  
Panels	
  Significantly	
  
Reduced	
  Power	
  

Genera5on	
  Capability	
  

MMRTG 
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R-­‐21	
  

R-­‐22	
  

Before	
   ASer	
  



Post-­‐Apollo	
  Lunar	
  Dust	
  Tes5ng	
  for	
  SKGs	
  –	
  1	
  of	
  2	
  Compiled	
  by	
  Ron	
  Creel	
  –	
  Apollo	
  LRV	
  Team	
  Member	
  

•  Dust	
  Related	
  Strategic	
  Knowledge	
  Gaps	
  Iden5fied	
  by	
  2016	
  Lunar	
  Explora5on	
  Analysis	
  Group	
  Special	
  Ac5on	
  Team	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  Theme	
  III	
  is	
  to	
  “Understand	
  How	
  to	
  Work	
  and	
  Live	
  on	
  the	
  Lunar	
  Surface”	
  

•  AddiConal	
  “Lunar	
  Dust	
  Adhesion	
  Bell-­‐Jar”	
  TesCng	
  by	
  Dr.	
  James	
  Gaier	
  at	
  GRC,	
  and	
  “Dusty	
  Plasma	
  Lab”	
  TesCng	
  by	
  Dr.	
  Mian	
  Abbas	
  at	
  MSFC	
  	
  

	
  	
  	
  	
  Tes5ng	
  Gaps	
  Iden5fied	
  for	
  Dust	
  Adhesion	
  &	
  Remedia5on	
  and	
  Mobile	
  Human	
  Habitats	
  –	
  Present	
  Pursuits	
  Listed	
  	
  	
  	
   8
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  Lunar	
  Mobility	
  and	
  Surface	
  Trafficability	
  Tes5ng	
  Gaps	
  Iden5fied	
  –	
  Resource	
  Prospector	
  Rover	
  Being	
  Studied	
  	
  

Compiled	
  by	
  Ron	
  Creel	
  –	
  Apollo	
  LRV	
  Team	
  Member	
   Post-­‐Apollo	
  Lunar	
  Dust	
  Tes5ng	
  for	
  SKGs	
  –	
  2	
  of	
  2	
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Dust	
  Mi5ga5on	
  Op5ons	
  for	
  Future	
  Lunar	
  Explora5on	
  

Nuclear	
  Power	
  and	
  Dust	
  Avoidance	
  are	
  Keys	
  to	
  Success	
  in	
  Future	
  Lunar	
  Explora5on	
  –	
  Poten5al	
  Pursuits	
  
Shown	
  	
  

Compiled	
  by	
  Ron	
  Creel	
  –	
  Apollo	
  LRV	
  Team	
  Member	
  

•  Mining	
  Rovers	
  Like	
  
“Resource	
  Prospector”	
  
Will	
  Require	
  Addi5onal	
  
Power	
  to	
  Survive	
  in	
  
Lunar	
  Temperature	
  

Extremes	
  	
  

10	
  

Moon	
  Temperature	
   R-­‐26	
  

R-­‐29	
  

JSC	
  “Chariot”	
  Provides	
  Dust	
  Isola5on	
  	
  

•  Rovers	
  Like	
  
Chariot	
  with	
  
Astronaut	
  Z-­‐2	
  
Suits	
  or	
  I-­‐Suit	
  
Covers	
  Can	
  
Provide	
  Dust	
  
Avoidance	
  for	
  
Astronaut	
  

	
  	
  	
  	
  	
  	
  	
  Explorers	
  
	
  
	
  
	
  	
  

Z-­‐2	
  Suit	
  

Dual	
  Mode	
  LRV	
  with	
  RTG	
  Studied	
  for	
  Apollo	
  18	
  	
  
and	
  JPL	
  Concept	
  with	
  MMRTG	
  Power	
  

-­‐	
  	
  Closed	
  Thermal	
  Systems	
  Avoid	
  Dust	
  Exposure	
  	
  
Issues	
  for	
  Space	
  Radiators	
  	
  	
  

R-­‐27	
  

R-­‐28	
  

αS=	
  0.35	
  	
  

Forward	
  Chassis	
  
Component	
  
Temperatures	
  

•  Dust	
  Retardants	
  
Also	
  Being	
  
Studied	
  

Lunar	
  Night	
  =	
  14.75	
  Earth	
  Days	
  	
  

•  Cancelled	
  Non-­‐Nuclear	
  Energy	
  Collec5on	
  and	
  Storage	
  	
  
	
  	
  	
  	
  	
  	
  	
  Project	
  for	
  “Night	
  Rover”	
  Centennial	
  Challenge	
  	
  

R-­‐25	
  

R-­‐24	
  



Experience	
  Based	
  Recommenda5ons	
  for	
  Coping	
  with	
  Dust	
  	
  	
  	
  	
  

Summary	
  –	
  Be	
  Careful	
  About	
  Relying	
  on	
  Earth	
  Based	
  Tes5ng,	
  and	
  Focus	
  on	
  Dust	
  Avoidance	
  &	
  Nuclear	
  Power	
  for	
  Survival	
  	
  

Compiled	
  by	
  Ron	
  Creel	
  –	
  Apollo	
  LRV	
  Team	
  Member	
  

11	
  

	
  
•  Be	
  Very	
  Careful	
  with	
  Interpreta5on/Extrapola5on	
  of	
  Earth	
  Based	
  Dust	
  Tes5ng	
  Results	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  Lesson	
  Learned	
  that	
  Pre-­‐Apollo	
  Tes5ng	
  for	
  Dust	
  Removal	
  by	
  Brushing	
  was	
  Misleading	
  

•  Remove/Minimize	
  Astronauts	
  Having	
  to	
  Spend	
  Valuable	
  Time	
  on	
  Lunar	
  Dust	
  Removal	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  Design	
  Explora5on	
  Systems	
  that	
  Isolate	
  Astronauts	
  and	
  Equipment	
  from	
  Dust	
  Exposure	
  
	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  Focus	
  on	
  Nuclear	
  Systems	
  to	
  Provide	
  Power	
  (Especially	
  for	
  the	
  Long	
  Lunar	
  Nights)	
  
	
  
•  Dual	
  Mode	
  (Crewed,	
  Followed	
  by	
  Robo5c	
  Opera5on)	
  Rovers	
  Increase	
  U5lity	
  for	
  Explora5on	
  
	
  
•  	
  Full	
  Coverage	
  Fenders	
  are	
  Required	
  for	
  Wheels	
  (Especially	
  for	
  Higher	
  Speed	
  Rovers)	
  

•  Can	
  Rely	
  on	
  Experience	
  and	
  Advice	
  of	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Apollo	
  Explora5on	
  Veterans	
  
	
  
•  LUROVA™	
  (Lunar	
  Roving	
  Adventures)	
  
	
  	
  	
  	
  	
  	
  	
  Simula5on	
  Can	
  be	
  Used	
  for	
  Analyses	
  
	
  	
  	
  	
  	
  	
  	
  and	
  Interac5ve	
  Explora5on	
  Experience	
  

	
  
	
  

Post  Apollo  17  –  Astronauts  Met  with  LRV  Team  


Astronauts	
  Were	
  Presented	
  with	
  Fender	
  Extension	
  from	
  LRV	
  
Qualifica5on	
  Unit	
  Autographed	
  by	
  MSFC	
  Support	
  Team	
  	
  

(roving.ron@gmail.com)  


NASA	
  JPL	
  ATHLETE	
  Rover	
  

Ron  Creel  with  Apollo  Rover  Mobility  M/4  Test  Unit


R-­‐30	
  



          LUROVA™ STEM Simulation Game Demonstration 
        Video Showing Development Progress: 

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

Render	
  Engine	
  Used	
  To	
  
Create	
  Detailed	
  Surface	
  

Model	
  of	
  NASA	
  Lunar	
  Rover	
  
(Poster	
  Created	
  in	
  2005)	
  

Apollo	
  Lunar	
  Rover	
  Mission	
  Support	
  
Thermal	
  Model	
  Used	
  for	
  NASA	
  

GSFC	
  and	
  GRC	
  Explora5on	
  Reports,	
  
ARC	
  “Virtual	
  Worlds”	
  Workshop,	
  

“Night	
  Rover”	
  Centennial	
  Challenge,	
  	
  
and	
  TFAWS	
  Conferences	
  	
  

(2006	
  and	
  2014)	
  

Rover	
  Surface	
  and	
  Thermal	
  Models	
  
Combined	
  with	
  NASA	
  Lunar	
  
Reconnaissance	
  Orbiter	
  (LRO)	
  

Terrain	
  Data	
  for	
  Explora5on	
  Realism	
  	
  
(2014-­‐2016)	
  

STEM	
  Simula5on	
  Game	
  Being	
  
Programmed	
  for	
  Realis5c	
  
Explora5on	
  Experience	
  	
  

(2014-­‐2016)	
  

LUROVA™	
  (LUnar	
  ROVing	
  Adventures)	
  Simula5on	
  Game	
  Being	
  Developed	
  
for	
  Student	
  STEM	
  Challenge	
  and	
  Interac5ve	
  Explora5on	
  Experience	
  	
  	
  

LRO	
  

Thermal	
  Model	
  

LRO	
  Terrain	
  Data	
  

 Good Progress Being Made in Developing LUROVA™ for STEM roving.ron@gmail.com	
   12	
  

STEM	
  =	
  Science,	
  Technology,	
  Engineering,	
  and	
  MathemaCcs	
  	
  
TFAWS	
  =	
  Thermal	
  and	
  Fluids	
  Analysis	
  Workshop	
  

ARC	
  =	
  Ames	
  Research	
  Center	
  
GRC	
  =	
  Glenn	
  Research	
  Center	
  	
  
GSFC	
  =	
  Goddard	
  Space	
  Flight	
  Center	
  

R-­‐11	
  



Acronyms	
  and	
  References	
  Compiled	
  by	
  Ron	
  Creel	
  –	
  Apollo	
  LRV	
  Team	
  Member	
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