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FARQy Pursuing an Accurate and Automated Modeling Process {

 Retired Space and Thermal Systems Engineer
« Member of the Apollo Lunar Roving Vehicle (LRV) Team
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In the Beginning LRV Mission Support Thermal Modeling Was Challenging B

ANALYSIS WORKSHOP

. — Began Full Time Engineering at NASA / MSFC - Assigned to Thermal Control for Apollo LRV
« Initially Supplied Parametric Apollo 15 LRV Battery Heat Up/Cooldown Curves to Mission Control

» Chrysler Shape Factor Analyzer and Lockheed Orbital Heat Rate Package (LOHARP) Used to Calculate
Sunlit Surface Radiation and Environment Parameters

- Could Only Handle a Limited Number of Surfaces in Each Run

« PTD10 Surface Visualization Program Developed by a Colleague at NASA Marshall Space Flight Center

Battery Heat Up Initial Parametric

i // Thermal Response PTD10 “Wireframe” z
i ’/(’(5/—::. \ Cu rves Su Iled £ E:‘ 1fi 1 l' NOTE: 'OINTS ARE NUMBERED CCW
LI i PP e Verification Plots for sonsr B\ Row rme x5 vis
i A//5;;;' for ApOHO 15 METHOD 2N TRIM ACTIVE ST06
) AREER Operations 5 Primitive Surface Models gﬁ Eaces Afb PARALLEL T 72.93.

: Handbook sire | :

ORIGIN N /
W . N o ohe - Shadow Constraints
[——— L 9 — Y
e The LRV must not be parked in lunar sha‘dnuifu:hlangez’xa:mmgqls\:l;:; EXAMPLE :
4 temperature damage to the electronics in the con e ¥
Battel’v COOI DOWﬂ é?::ui.:pbreaker miniv?nm reset time is 1 minute. y 4 I :’,' - ;’,' ::‘ ,,'l' V t
v g o = [ LIE a5 vertuces
3% - ag= .55 & RosTiON P4 = 34, Y4, Z4
e ‘ IR :
t e il = S % X
== ! & “ . .

+6

+4

Example Surface Polygon

Input for LOHARP

+2 s . S
—— e, 0% vust Coverage - ' |
Tt e s o Clean - @
|| — -~
{80 | = 90

Battery Temperature - °

Trapezoid Primitives

50 . | ' 60

Rate of Temperature Increase - °f/Hr.

-2 130 vegree Sun Elevation Angle
LRV: Parked at science stop for
i gertods up to one hour. ! i
0 degree Sun Azimuth -«w--- v 1 1
85 degree Sun Azimuth
-4 yo Ba Y-t?r‘y Current
SPU =

Rt o = Solar Absorptance

roving.ron@gmail.com TFAWS 2023 — August 21-25, 2023 Page 3 of 17



- 3 - B ¢ — 2
R
7
i i
5

Mobility Subsystem TVAC Testi

L 1o

ng

Testing Data for Apollo 15 LRV
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: Post Apollo 16
Model Developed for Responsive .

Apollo 16 and 17 Support for Lunar

% Sunlit Morning Missions

Model View Factor Verification Using
Form Factometer and Lunar Module
Model at U.S. Space and Rocket Center

Astronauts Awarded

“Silver Snoopy”

Accurate Predictions for Realtime Mission Control

roving.ron@gmail.com

LUROVA = LUnar ROVer Adventures
* TVAC = Thermal VACuum
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« Original “Full” Rover Thermal Model Nodes and Linear Conductors List Located
- But No Surface Model for TRASYS Radiation Conductors and Solar Heat Rates
« High Quality Candidate “Lightwave” (.LWO) Rendered Polygons Used for Poster

Lunar Roving Vehicle Sub Models Nodes
1-F

and Model
Ml Converted to
.OBJ Format
for Polygon
Faces and

Vertices 791,628 Polygons

181 Node TVAC Test Correlated NASA Rover SINDA*
Thermal Model Used for Apollo 15 Mission Support

- Accurate Rover Poster and 3D Model Created by Associate Don McMillan in Ottawa, Canada

- Too Many Polygon Surfaces for NASA Thermal Radiation Analysis SYStem
(TRASYS) - 4,000 Node (Polygon) Limit, So Sub-Models Were Required

* SINDA = Systems Improved Numerical Differencing Analyzer

roving.ron@gmail.com TFAWS 2023 — August 21-25, 2023 Page 5 of 17



ANALYSIS WORKSHOP

SURFP Subroutine Used for LRV Sub-Model Solar Heat Rates

with All Surfaces Assumed Dust Covered (a, = 0.9)

TFAWS 2014 - August 4 -8, 2014
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and Crunched)

233,856 Polygons
(Crunched to 2000)
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ANALYSIS WORKSHOP

Prepare Merged Reduce Sub-Models I poster Sub-Models ' .Stp

I Create Node Sub-Model
Sub-Models Pol titi | surface Polygons ' reate Node Sub-Models @
Surface Polygons olygon Quantities Block Coordinate Systems (BCSs)

and Remove

Unneeded Parts C

Maintain Part Names @
for Sub-Model Nodes

&  MAX
3ds Max
Merged Sub-Model “CP” for Nodes I EEE B B E ESE 5 SN R ESE N SN 5 Em B Em g

Surface Polygons Thermal Model Nodes and Conductors Calculationsl

y CONNECT = Density x Volume x C,, 1
(Creel) |
“@’ =k x Area/ Length .

“k” for Cond. L T T T s —

3ds Max Option to

‘ AdJUSt @ TRASYS Format
@ CONVERT _
(Creel) Jnp *
Surface Polygon Properties @ :BUILD [des
Create Sub-Models Using (RADCAD) . =

- Programs <> Files O Steps  Surface Node Trapezoids

I Bcss

Abbreviations and Acronyms - BCS = Block Coordinate System, Cap. = Capacitors (Nodes)
Cond.= Conductors, C, =Specific Heat, CORR = CORRespondence (Combined Surfaces)
Dens. = Density, Ext.=External, Int. = Internal, k = Conductivity, Lgth = Length
RADKSs = RADiation Konductors, SINDA = Systems Improved Numerical Differencing Analyzer

SURF = SURFace Data, TD = Thermal Desktop, TRASYS = Thermal Radiation Analysis SYStem
VERT. = VERTices, Vol.= Volume

“b”= Alternate Path for Verification Finish

o, = Solar Absorptance, &, =Infrared Emissivity and Non-TD and Special Runs
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Much Lower Solar Heating in South Pole Region
With Difficult and Risky “Chasing the Sunlight”

E
Traverses for Providing Dependable Solar Power
c l
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* EVA = Extra-Vehicular Activity

2021 Source: “Peering into Lunar Permanently Shadowed Regions with
Deep Learning” (https://www.nature.com/ articles/s41467-021-25882-z)
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ANALYSIS WORKSHOP

1969 - 1977

* Nuclear Sources Studied for Apollo 18 Dual Mode Lunar Rover (DLRV) and Used on 5 ALSEPs*

OImECTIONAL
ANTENNA

HERMETIC SEAL
HOT FRAME

MANNED 6-WHEEL DLRV © Sunshield lemperature. loptsecond lunalion}

O Sunshiedd lemperature, lop leighih lunation)

ALSEP* External
Temperatures

THERMOPILE
FUEL CAPSULE

ASSEMBLY

HEAT REJECTION

—

Temperaiure, °F
88 .58 &8
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\ Sun angle, deg
D LSM inlarnal temperature tsecend lunationl

rmal 250

SNAP-27* fneemal Thig equip O L3M inlerral temperature deighth lunation)
ment provides all of the power used by the ALSEP. It 200
furnishes continuously about 70 watts.

OUTES
(COLD FRAME)
ASSEMBLY

J ALSEP Internal Temperatures

I:;‘ ::E Using RTG Supplied Heat
g o RTG = Radioisotope Thermoelectric
* Russians Successfully Used Nuclear Isotope Heat £ 4 Generator

Sources for Several Lunar Night Cycles on Their o

=100 L

TN S T TN R N T TN N N N N N T |
G 20 40 40 80 1000120 140 160 180 200 220 240 260 280 30C 320 340 360

Lunokhod (Moonwalker) Robotic Rovers Isotope R
@ \NNA N/

Heater

hassis

VAN AN

Diagram of lunokhod heat regulating system. 1) air passages of
cold channel: 2) air passage of hot channel; 3) heating unit (iU); &) HU
shield; 5) KU "5linds"; 6) control of WU blinds; 7) baffle plate; 8) baffle;
9) connecting sheath; 10) three-step fan; 11) collector; 12) batfle drdve; -
13) step mechanism; 14) spring traction; 15) cam mechanism; 16) angular move-
mencs sensor; 17) SEL sensing element; 18) SE2 sensing elemenc; 19) radiator.
cooler; 20) collector of HU blou-off system; 21) fuel call,

For monitoring the thermal regime aboard the lunokhod there ate tele-
metric temperature sensors which make Lt possible to obtain routine informa-

llon‘on the temperatures of all lunokhod systems during any communication
session,

*ALSEP = Apollo Lunar Surface Experiments Package

*SNAP = System for Nuclear Auxiliary Power



Energy Sources and Storage Studied for Extended Rover
Nighttime Survival and Operation

1970 - 2018
s 2006 JPL** Dual Mode Rover

Low Gain Antenna
_.. IEEYLN Dual Mode Rover Concept (DMLRYV) with Nuclear Multi-Mission

wewer With 70 watt Nuclear RTG* on RTGs* (MMRTGs) Concept
Trailer for Apollo 18 Forward

Pancam
5" 200]02288 - International Space Development

Conference Panel on “Nuclear Energy for the
Space Exploration Initiative”

ANALYSIS WORKSHOP

Trailer Invited to Present Apollo LRV Thermal
Experiences at Lunokhod Facility in
St. Petersburg, Russia DMLRYV Conceptual Design.
Night Rover Non-Nuclear Energy Storage

Centennial Challenge (> 250 Watt-Hours/kg Desired) 2017 - 2018

- Dust and Nighttime Survival and Operation Challenges Presented

LUROVAG® Simulation Used for NightRover Analysis (10T in Lunar Exploration Analysis Group (LEAG) Poster and Presentation
= N9 4249 deg. F for Latitude = 2016 N — S | 1o Related pimary Challenges e L Overview of Previous Planned Survival and Operation Through Lunar Night Periods
w L \\ (Apollo 17 and After) / / 7> \ @ D Renm::d'f:::ers[s)'(:‘lnnlicn I‘ 'j Night Periods (354 hours) of
/ AT \ / \ | g Survival and/or Operation Locations Of All Lunar Landings
“ YQ\ \ ) Daytime Challenge 1. Coping? with Exposureto [ 5% h:'.”;z::_:':{::mw
7 /| nsutatod with - : B e (Lt Avaable Chang'e-3 an Yo Dot}
L;, “ 0 «}:"::::r:;m N \ y 37.4 walts for 53.6 kg Batteries for 354 hr | / cI::I:rﬁso;::d b = T a1 " 5 by
'q-: “ Isolationand [ Y|  247watthrikgfor 35¢ hours Nightime | ‘.‘-‘ i !
2 Covers Open )
E. o] Fclo | ‘-‘ e Competton! Toingt .
E mw ) Moon —-}‘ 1 D(T:m:“wwmm i - A . g | |
- | \ Temperature / ﬁ w6 i /
. L\ Nightims L T -
‘| W, NoSurvival o = —“i#i“.i s os
281 deg. F for Latitude = 2016 N -} — —— ‘;’;?‘if” [
- * - Early Apollo Surface ge (i ), with Solar , Operated a Few D Apolio 11 Placement - No Nights
** - Apollo Lunar Surface Experiments Packages (ALSEPs), with Radioisotope Thermoelectric Ges [RTGs), Survived and Operated
e @ W wm m s W M M e W0 s e B0 M through Lunar Nights for Several Years Until Shutdown on Seot 30. 1977
Time - Hours
* RTG = Radioisotope Thermoelectric Generator *JPL = Jet Propulsion Laboratory
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“STP” Input 334,717 Pelygons
| A

RN
Ry

5875 Polygons

JPL MMRTG?*, as Used on Mars
Curiosity and Perseverance Rovers MMRTG on - Thermal

Rac:]iatlié)n (110 Watts Continuous) LRV 47  Model
Shie = 1

10,738 ?‘3
Crunched d
Polygons s

\ 95,049
¥ Starting

Polygons * MMRTG = Multi Mission
Radioisotope Thermoelectric

Generator

20,274 Crunched
Polygons
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Lunar Roving Vehicle Sub Models Nodes 200
51 175
2 - Left Front Mobility 19
3~ Right Front Mobility 19 150
4~ Center Crew Station 26
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L
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£
* X
181 Node TVAC Test Correlated NASA Rover SINDA* & :jg
Thermal Model Used for Apollo 15 Mission Support '200
225
Forward Chassis ST COVER BATTERY NO. 1 260
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SPACE RADIATOR -300
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400
425
450
Battt 1
INSULATION BLANKET SPU FUS._.. ,a,..e,ry_ wenMAL STRAP 475
15 LAYERS OF SIGNAL PROCESSING UNIT 500
ALUMINIZED MYLAR (SPUY (NIIST COVER NOT SHOWN)(608)
AND NYLON NETTING
WITH BETA CLOTH Battery 2

EXTERNAL SURFACES OUST worenyoms reme 0. 2

GYRO THERMAL STRAP

LRV Driven and Parked at 88 deg. South Latitude
with 110 Watt MMRTG Added to Battery Power in PSR

T T T T T T T T T T T T T T T T T T T T T T T T T
L Insulated Batteries
Fullv Charaed Before All External Surfaces Dust Covered
- Upper Limit (1400)"Y!Y 9
A PSR Entry
: \\ (8,712 Watt-hours)
N
X Battery 1
- N
N Battery 2
: ' NS e -
[ Survivalllimit CIS°R) 2 L e o o
L 9,350 “\JExtended | :
- Watt-Hours % [EELIATR LRV with RTG # Thermal Model
| Provided by Moon Temperature \\\ —
i 110 watt T
MMRTG > — B
r 109 Hours Time Period _— Previous Night Rover Non-Nuclear Survival Trade Study -
B < PSR > Bestwr?enl ?SrRBE?tn rand Power Required for Forward Chassis Electronics (156 lbm)
- 85 Hours unset for battery 150 MMRTG Can Supply 40,040 Watt-Hours in Extended Time _
Re-charging and
EnergygSIograge s More Than Enough Power for Component Heating/Survival
I~ unset 1o
- Total of (354 HOUFS) w — Survival Temperature = 60 deg. F, Power = 23.48 kw-hr
- 18,062 &
| Watt-Hours W%’P 8 Survival Temperature = 0 deg. F, Power = 18.71 kw-hr
g 3 0
Required for att-riours I
B Battery and 0d Reun gEd Torl k g 50 Survival Temperature = -60 deg. F, Power = 14.09kw-hr
B Electronics €g. URVIVa)-in © P R e e e T
- : Extended Time = 100 o o | e | e | o | oo
Survival o o) | v | gy | rog | e | s
= __ _PSRat25deg. K gm +60 | 62.44 | 275 | 651 | 376 | 2348
B 1 1 ('414-67 deg- F) = 0 |s5141|283 | 647 | 364 (BT
200
B 1 | 60 |40.38 | 205 | 644 | 349 | 1408
Enter PSR Exit PSR 50 R Creel
(160 Hours) (245 Hours 1 \oor] Temberstirs | ez
| f 1 f i i i i - : :
100 125 150 175 200 225 250 275 300 325 350 375 400 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750!5
Time - Hours 3 Time - Hours gunrisg

* SINDA = Systems Improved Numerical Differencing Analyzer
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WORKSHOP

Flight Proven LUROVA® Used for LRV Motor/Tire Temperature Predictions

150 Hours LRV Exposure in 50 Deg. K PSR

250

T T

LRV Driven and Parked at 88 deg. South Latitude

150

Available for Medical or Other Emergency

Cold Survival Limits Reached in 0.94 Hours for
200 - with 110 Watt MMRTG Added to Battery Power in PSR LRY Motors and 0.39 Hours for LRV Tires
Without Heating Power

100 | L. . . .
/” ( Cl ’ Close-up of Initial Motor/Tire Cooling in
L s0 [ / 1N ose-up Shade Without Heating Power
%. 0 “H ,‘ >x\ .
o ot b = - — :—AVg' remp OfiM_gtCESﬂltﬂMl/lR_TG ! Motor Survival Limit = - 40 deg. F
G'J 50 777 Motor Survival Limit = lfo'Je'g.'ﬁ"'l “““““ 0 S w s T Y
b ’ 31,885 Watt-Hours Needed for > - 0.94 *
=-100 MMRTG Level Power ‘ Extended Shade Timeto Compensate- QO . Hour Avg. Temp. of 4 Motors
g 29 4N6§evg:;tf';‘:ur5 | for Lack of Solar Heating Jo= | Avg. Temp. of 4 Tires
150 - 110 watt MMRTG S lies 38,940 watt-hr @ = L. . -
g— || Motors and Other ‘\ wa HPPIES SEESSWAT 5 7 Tire Survival Limit 250 deg. F
o200 |- ' Components for PSR \ e Sl 0.39
= E Ti - o = a
2850 | \ xposure fime aE) ol Hout Moon Shade Temp =-369.67 deg. F
\ No MMRTG = o EmerIShade (50 deg. K)
300 | e Moon Temp at 88 deg. South Latitude « .at 160¥hours. -
T50 Fours > Avg. Temp. of 4 Motors ‘ Time - Hours
350 - shade Temp = -369.67 deg;.F;K Avg. Temp. of 4 Tires
(50 deg. K) —PA A
400 | Enter | Shade Exit | Shade
at 160 hours at 310l hours
450 - : : : :
0 50 100 150 200 250 300 350 400 450 500 550 600
Time - Hours
Sunrise % Tire Motor
Right Front Mobility
Subsystem
roving.ron@gmail.com TFAWS 2023 — August 21-25, 2023

Page 13 of 17



NASA LUNAR TERRAIN VEHICLE (LTV)

Lunar Terrain Vehicle and Endurance Rover
Share South Pole Exploration Objectives

Single Spacecraft for Ten Year Crewed

and Robotic Moon Exploration

Concept

QA
_ o hes
ST N kv v
S X\ A )
\:—f;’ |
== b v
e\

LTV “Chasing the Sunlight” Traverses
Will Be Difficult and Risky, and Could
be Dangerous, Especially for
Emergency Need for Dependable and
Immediate Energy for Transit Back to
the Lunar Home Base

Requires Heavy and Maneuverable
Panels for Solar Energy Collection

roving.ron@gmail.com

JPL - Endurance A Robotic Moon Rover

“Endurance is effectively a sample
collection campaign in one mission,
and it would address the highest
priority questions in lunar science,
with enormous implications for
Solar System science.

245 Watt RTG
for Power

Endurance-A option would create
a new paradigm for collaboration
between NASA’s Science Mission
Directorate (SMD) :

and Human Exploration and
Operations Mission Directorate (HEOMD)
- achieving more science for less cost.”

Recommendation - Combine These Rovers
to Provide Dependable and Safe
Exploration Power and Gain Those
Significant Cost Savings

Additional Benefit: Reduces Size/Mass of Batteries
and Solar Collection Panels

TFAWS 2023 — August 21-25, 2023
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ANALYSIS WORKSHOP

2023 Modeled Starting with Flight Proven

Apollo LRV Thermal Model With Er ArtfiCUISatinglArm
RTG Placed on LRV Aft Area » N

Using Radiation Shield and/or Trailer Without Radiation Shield ~

What is the View Factor?

The View Factor is the portion of the radiative heat flux which leaves surface A that strikes surface B.

= In simpler terms, the view factor measures how well one surface can see another surface. LRV Thermal

= View factors are purely geometrical parameters and are independent of the physical surface properties and Mod el Wlth RTG
temperature.

-

View Factor from RTG to
Seated Astronauts is
0.00905 = 0.91 Percent
Without Radiation Shield

Lunar Surface Node

Adding a Radiation Shield Using a

Adding Aft Pallet Radiation Shield to Trailer LRV Aft Pallet Reduces the View Factor Moving RTG to Trailer Reduces
Reduces the View Factor from the RTG to from the RTG to Seated Astronauts to View Factor from RTG to
Seated Astronauts to 0.0 0.001023 = 0.10 Percent Seated Astronauts to

0.002345 = 0.23 Percent

: . TFAWS 2023 — August 21-25, 2023
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Summary

ANALYSIS WORKSHOP

 Lunar Rovers Greatly Increased Science Accomplishments on Apollo 15, 16, and 17 Missions

- Included Very Important Evolution of Accurate Visible Thermal Models for Mission Support

 Accurate Rover Thermal Surface Modeling Has Improved Over the Past 54 Years

- Mostly Automated Surface Handling Process Developed Using 4 Commercially Available

Software Programs : 3ds Max, 3d Browser, Polygon Cruncher, and Thermal Desktop

« Radioisotope Thermoelectric Generator Recommended for New Artemis Lunar Terrain Vehicle
- Would be a Valuable Addition If Presently Planned “Chasing the Sunlight” is Not Achievable
-- Combining the “Endurance” RTG with the LTV Can Reduce Exploration Costs and

Provide Important Immediately Available Power for Emergencies

- Would Reduce Size/Mass of Batteries and Maneuverable Solar Energy Collection Panels

Bottom Line : Let’s Get These Rovers Combined for Safe and Reliable
South Pole Science Exploration on the Moon
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Questions?
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