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Earth-Moon Orbit

Orbital Period: 27-1/2 days
One side of Moon always faces Earth

”"”))OQC((M

New Moon First Quarter Full Moon Last Quarter New Moon
——Waxing Crescent—+ Waxing Gibbous — ——Waning Gibbous «——Waning Crescent—

There is no “"Dark Side”
ALL SIDES are dark once a month




The Earth and the Moon

Earth mass = 81.4 x Moon mass
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= Konstantin Tsiolkovsky (1857-1935)

proposed liquid-fuel rockets, spacecraft
and spaceflight (1903)

» Bolsheviks established institutes for
aerodynamics and rockets (1918)

= Pre-WWII development of
airplanes and unguided missiles




Early American Rocketry

’\., ~ ‘L_:’ « Eﬁ;if

* Robert Goddard (1882-1945)

* Proposed flight fo extreme altitude (1917),
Built 1¢ liquid-fuel rockets

= Criticized by New York Times

» Infroduced gyro steering and control vanes
(~1935)

= Rocket clubs, US and abroad

* Pre-WWII development of
airplanes and unguided missiles

German Army Rocket Team

» Wernher von Braun (1912-1977),
= German Rocket Society -> Army Lab

» V-2 Rocket guided missile (1942)
= von Braun directed development

* Pre-programmed trajectory, Gyro steering
and control vanes [after Goddard]

» Psychological impact but inaccurate
= Foundational for post-WW II rocket
development in USA and USSR
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Post-World War II US Rocketry
US and USSR built on V-2 technology

Nuclear weapons changed the world W&
of defense »
1945-54: Beginning of COLD WAR

» Guided ballistic missiles: IREMs, ICBMs
= Von Braun feam fo USA

= Grottrup feam fo USSR

Redstfone missile based on V-2

1954: Russias closed society:

= Need for military surveillance satellites ] salzﬁi';ig

‘rocket

Ballistic missiles were enabling
fechnology for spaceflight

Post-WW II Science Fact and Fiction
C’am'/yzez/ fAuman imagination

Colliers | ..

(1952-1954)
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US Cautious About Satellite Launch

= International Geophysical Year,
'57-'58
» Scientific “artificial” satellite
= Distinct milifary and civilian
programs
= Secrecy vs. public information

» contenders for satellite launch

=  Project Orbiter based on Redstone
[Army Ballistic Missile Agency]

= Project Vanguard based on Viking
[Martin Co., Naval Research Lab]
= Ejsenhowers reluctance
» Political implications of OVERFLIGHT

= Evolution of Missile or Sounding
Rocket for IGY satellite launcher?

11

R-7: First ICBM Tested
(August 21, 1957) ;

= Oct 4, 1957: USSR
launches I¢* saftellite

t /

for IGY with R-7 Ssergh
» Solved the US Korolv
overflight quandary WECZ(94)
» The SPACE RACE

had begun
= CCCP won the I .
round with MISSILE | &
= AND it unsettled thej %
American public bl L]
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Vanguard and Explorer

/E / Vanguard TV3,

December 1957

Explorer I success,
January 1958*

14
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December 17, 1958

SPACE TASK GROUP_
b PROJECT MERCURY
\LLISTIC CAPSULE

COMMUNICATIONS

SIDE HATCH SYSTEM
l’l]BLlE& RESERVE INSTRUMENT WINDOW
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CONTROL JET \ ' SHIELD
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April 12, 1961
Lhe %Lﬁmiﬁmlle @mcﬁ

Fealure Index
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wixLrROTe

‘So Close, | Vostok 1 Soviet Officer
Yet So Far, Orbits Globe
SighsCape 6% i '.."“’ In 5-Ton Ship
U.S. Had Hoped R/ M4 Maximum Height Reached
For Own Launch | i Reported As 188 Miles
[N CCcP winy 2¢ round of [
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April 20, 1961
JFK fo LBT

* What can the US do fo show technical supremacy?

= “Do we have a chance of beating the
Soviets ... to the moon and back with
a man?”

April 28, 1961

LBJ fo JFK
= “Neither the US nor the USSR has such
capability... However, with a strong
effort, the US could conceivably be first
. by 1966 or 1967.” 17

17

Mercury-Redsfone Sub-Orbital Flights
May 5 & July 21, 1961

Apogee = 117 118 mil
Alan Shepard pogee = Ly Hemies

Gus Grissom
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Project Mercury Orbital Flights
February 20, 1962 - May 15, 1963

John Glenn

Scolt Carpenter g

Walter Schirra
Gordon Cooper

- THE PLAIN DEALER =

GI.ENN SAFE AFTER 3 UIIBITS,
OPENS SPACE FUTURE FOR U.S.
GNle:m Porucks { b I Further Feats
Sh' Success | ] " Already Being
: = Talko_datcapo

Evacaaron

19

10 crewed
missions ®

20
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Lunar Missions
e

THIRD STAGE
1S-1v8)

Command-Service <+ *°
Module b,

SECOND STAGE
fs-11)

FIRST STAGE
s

June 1961

= NASA indecision about contractors for
the spacecraft and launch rockets

» No _indecision about design of guidance,
navigation, and control sysfem

21

21

First Apollo Program Confract
MIT Instrumentation Laboratory
August 9, 1961

APOLLO GUIDANCE, NAVIGATION
AND CONTROL SYSTEMS

EYEPIECE STOWAGE — ASSEMBLY
SIGNAL CONDITIONER A\
ASSEMBLY " N

\ SCANNING i

ELESCOPE ‘

| hoNa
|\
L1 Vat o L
P i
> m s INERTIAL
CONTROL o Y
[ _
0

OPTICS

MEASUREMENT —
UNIT
POWER L’:l

SERVO
ASSEMBLY’

NAVIGATION

SIDE VIEW

22

22
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AND CONTROL SYSTEMS
EYEPIECE STOWAGE<P

SIGNAL CONDITIONER
ASSEMBLY

[ APOLLO GUIDANCE, NAVIGATION]

OPTICS

SCANNING
TELESCOPE

PANELS

COUPLING |
DATA UNIT

HOWEVER ... Lunar landing
fechnique had not been decided

ASSEMBLY

s s 2

23

PROJECT APOLLO
LUNAR LANDING FLIGHT TECHNIQUES

-

\\

\

\
/ '/\ |

DIRECT EARTH ORBIT
RENDEZVOUS
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Prapased Sa fumLaunch I/eh/cles

: : o :Safum'I Safum 5 Nova (SGfU" n 8)  ‘

25
Alternative Landers
COMPARISON OF LANDER SIZES
DIRECT ’LANDING B
LUNAR FERRY OF
LUNAR RENDE2ZVOUS
‘ Nova 3 Sfage ‘
LUNAR [« 1.4+
EXCURSION \ ‘T
. VEHICLE ‘ ! e
h l 26
26
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PROJECT APOLLO
LUNAR LANDING FLIGHT TECHNIQUES

July 1962
-

Two Saturn 5s
s

. g
Ten Saturn 1s

.

&

DIRECT EARTH ORBIT
RENDEZVOUS

Saturn Launch Vehicles
Saturn 1B Saturn 5

Earth Orbit Missions Lunar Missions

28
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The Apollo Modules

Service Command Lunar
Module  Module Module

APOLLO LAUNCH CONFIGURATION FOR 29
LUNAR LANDING MISSION

29
First Manned Flight, Apollo 7
Ocfober 11, 1968
30
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Apollo 8, December 21-27, 1968

Earth-orbit mission fo fest LM planned
Repurposed fo I manned flight fo the Moon
6-day mission, no Lunar Module

WHY?

T-2ph Moon at landing

Coast

Towards earth

Trans- Towards moon

Lunar Coast

Injection m
Free-return trajectory

No further propulsion after Trans-Lunar Injectiorr

Moon’s
“Sphere of Influence”

August 1968, CIA KH-8 GAMBIT
Reconna/ssance Safelll fe

N—I Rockef »7 Russm w&s indeed

racing for the Moon
ry | BN "N ol Qe
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Apollo 8 Entered Lunar Orbit

* More daring alfernative

» Rocket fired on far side for Lunar-Orbit
Insertion; no free return

= Rocket had fo fire again on far side fo
return fo Earth

--~.....‘ %
..,

unar omit

33

33

Apollo 9
March 1969

Earth-orbit test of Lunar Module, rendezvous, and docking

34

34
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AUA SEPARATION ===

Ul FSSERTION

Apollo 1,0, May 1969

o TRANSEARTH INJECTION EURN

8145 NI

o= TP €A 1N MLy

CSM & LM fo Moan
Lunar Orbit

LM separates and
descends fo 50,000~
ft altitude

LN Pedd MM ChH 4
W PHASING BURN AT
. Yl
i A 6D NI,

CSM 60 14 1A ,‘/’

lJlI(lHl
l 50, M0 FY, F\\\

AN

* LM returns, docks T
with CSM, & home | """
* Apollo 11 scheduled "% CIRCOLARIZAT) I
for July 16, 1969 N
35
2rd N-1 Launch Attempt, Unmanned
Lunar Fly-By, July 3, 1969
, =
:
o i
In 1 :
-
— [
| -
] = Oxygen pump
LY explosion
Saturn 5 N-1 = Launch site
demolished .y
36
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Soviet Manned Lunar Spacecraft,
revealed in 1989

Soyuz 7K-LOK, LK, 1-man
2-man CSM Lunar Lander

37

37

Lunar Module Transfer Ellipse fo
Powered Descent Initiation

(62 BY S8 N M)
CSM ORBIT

LM DESCENT ORBI
60 N. MI. BY 50,000 FT)

UNDOCKING

SUN

= Analogous fo

Apollo 10 until awowe= |
Powered \ " SEPARATION
Descent (PDI) /

38

38
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Landing on the Moon
July 20, 1969

z cCSM ORBIT

*\mo N ML)

PHASE INITIAL EVENT DESIGN CRITERIA
BRAKING PODI MINIMIZE PROPELLANT USAGE
APPROACH HIGH GATE CREW VISIBILITY
[ LanoING LOW GATE MANUAL CONTROL | 3
—J L@ J
39
Lunar Module Attitude Control
= 16 reaction control thrusters
= Control about 3 axes
= Redundancy of thrusters
= LM Digital Autopilot
40
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SATURN V LUNAR MODULE

S.BAND ANTENNA

REACTION CONTROL —
THRUSTERS

LANDING PAD

\4 (
LUNAR SURFACE

SENSING PROVI‘\ > : L N\ REACTION COHTROL
WA THRUSTERS

T~ LANDING GEAR

Guidance
Computer

Apollo LUMINARY 131 (1C)
Contro”er Program Source Code Listing 41

41

Apollo Guidance Computer (AGC)
vs. 2024 USB-C Charger

16-bit cohpufen $1.5M foday " Anker Charger, $20

Sforage: 38,332 words = 16-bit computer
Speed: 1 million "ticks” per sec ||* 2 x RAM Storage
Weight: 70 Ib * 4 x ROM Sforage

F? jntegrated-circuit computer ||* 563 times faster
Plus Inertial Measurement Unit ||» 6.7 ounces
TWO per mission (CSM and LM)

https://forrestheller.com/Apollo-11-Computer-vs-USB-C-

chargers.html#:~:text=The%20Anker%20PowerPort%20Atom%20PD2%20has%20a%20little%200ver%20twic 42
€,done%20in%2016%2Dbit%20words.

42
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A Little AGC Digitfal Aufopilot Code

ca 40CYC

s
CA GS

MA K LR}
EXTEND

BLIF
5
CA e
s 3

s PERROR

TC PURGENCY +4

Chuxe

CHMECK FOR DIRECY RATE COMMAND LAST TINE.

10 PURE RATE COMMAMD
PSEUDD=AUTO CONTRNL,
X=ATTITUDE ERRCR (SP)

LOAD P-AXIS ERROR FOR MODEL FDAL DISPLAY

DIRECY RATE CONTROLS

JERC P=~AX[S TARCH FOR MOCEL FOAL DISPLAY

ca TERC

s DxERROR
s DXERROR o1
s PERROR
cCcs Enare

TC 3

Tc *2

TC +1

s AB SEQOTP
AD TARGETDB
EXTEND

Al NF LAST

CA Tce
EXTEND

LI 1y LAy

cs RCSFLAGS

Apollo LUMINARY 131 (1C)
Program Source Code Listing

43

43

Low Gate fo Touchdown

[HBO dramatization, "From the Earth fo the Moon”]

Armstrong$ comment on manual control:
"As anticipated, quick and responsive.”

44
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Apallo Landmg Missions (‘69-72)
Apa/lo Ry

A_po//o 14

A

45

Proposed Apollo Applications

Program Flights
Saturn 5 pay/aad fo lunar orbit: 50 fons

46
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Proposed Apollo-Derived Venus
Flyby

47

SKYLAB based on Venus Flyby Workshop Module

. BRVLABR

- Ames
Pete Conrad,
‘53, commander

Gerald:Carr,
*62, commander

thsisui

b

9SkylablimpactedithelEarthsisurfacentheldebris) 3
tretched fromithe(Southeasterniindianjoceantandiacross alie
latedisection ofiWeste ustra

(i
2as
rnjAustralia™

48
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The Legacy

49

49
134 Lunar Missions, 1958-2023
Lunar Missions, 1950 - 2023

: = Attempts

» » Failures

BN l-;ll‘

Resurgent inferest in lunar missions
50

50
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Why Return fo the Moon?

Science: lunar geology and asfronomy
= Technological Development

= Educational Benefit

= Economic Stimulus

International Competition & Leadership

Robots?

* Preliminary exploration

» Search for WATER and raw materials
Humans?

= Long-term utilization of lunar resources
» Dealing with uncertainty

51

51

Where is the Water?

Valleys and craters near the North/South Pole

52
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Recent Robotic Lunar Landers

C‘hang"e 4, Far Side
Land/‘ngl‘ (2QJ9, Success)

’//7?7’

Sp&ceIL Bereshee¢ :
/}'zoza cfusﬁ)

.xs,v [ /5

Chang’e 5 Samp/'%efum . T R\ S
(2020 SUCCZSS) &= w2 O 53

53

LN | 30-year delay

Sysfem (SLS, = Constellation Program, 2005-2009

kel SRIMN | = Inadequate funding, 45-year delay
& = Reborn as Artemis Program, 2017

NASA ORION Command Module,
Interim Cryogenic Propulsion Stage

54
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NASA Orion Spacecraft
= Larger equivalent of Apollo CSM

Roll -, . Docking
thrusters = R wedows 2PL
2PL - .
Pitch / o T~ Horizon
% ~ N windows 2PL
thrusters £ .
/ G L - 2PL % T ———Hatch
& aunchiabort Yaw /‘ _,; o \ Forward bay access
System thrusters / 0 e panels 6PL
\.
2PL -
= '\Lower backshell
Panels 5PL

P r"
¥ JZ e
Crew Module \
h AL \ - R237.6 In
' - Service Module ; ;/|

|
198.0 In

Spacecraft Adapter I o
OMLJ]::N
6 in offset

<— 130.0In —

55
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NASA Artemis 1, 2022

» 5-year delay (from 2017)
» Lunar orbit (“Apollo 8) and return
» 13 CubeSafts deployed %

56
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3-year delay
Two ICPS burns to raise orbit

One ORION rocket burn to circle the Moon
Free retfurn

NASA Artemis 2, 2025
ORION with 4-person crew

57

57
SpaceX Starship, Super Heavy Rocket
Proposed Lunar Lander and Propellant Carrier for Arfemis 3 & 4 Missions
= S\hrsh/;p
7 5z Supégr Heavy
‘ S&
58
58

5/11/24

29



NASA Artemis 3, 2027 (?)
Orion/Starship, 4-person crew

Artemis Il Concept of Operations :@\E@

= NASA and SpaceX have aled details
= Earth-Orbit and Lunar-Orbit Rendezvous
=2 as’rronau’rs“l&rnd.o(,’rhaﬂl\oon —_—
-PGnewweFeR“smy [ cowimee e
=" SéarShip payload to lunar landing: 100 tons
ty mass: 100 tons, returned to orbit &
Ful reusable A
| A N
L$ payload to lunbk orbit: 42 tons &K
'Only Orion is reusable

Propellant HLS Starship Extended loiter if ~ Orion launch Variable Crew returns to
aggregation launches needed Stay on the Moon Orion

Artemis Program
LUNAR LANDING FLIGHT TECHNIQUES

/V@hb

o
One SLS,
One Starshlp,
»~AND E
/ ? Cargo

Starshlps \ i

A

DIRECT EAR‘I’H ORBIT LUNAR ORBIT
DEZVOUS A OuUS
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{

Crew®Quarters

Comparison of pre-Apollo Lander, Artemis
Starship Lander, and Super Heavy

61

61

*  Artemis Pr

y
0,
(4

(about 1.5

Michael Griffin

congressional Tes timony
January 17, 2024

= Former NASA Administrator, 2005-2009
am is severely under-budgeted
of Apollo’s cost in current $)

* “impractically large number of orbital
refueling operations for even a single lunar

o . 7
mission : —r ”
Artemis Reliability of n Operations

Reliability of
One Operation

Number of Operations

5

10

15

20

99%

0.95

0.90

0.86

0.82

98%

0.90

0.82

0.74

0.67

97%

0.86

0.74

0.63

0.54

96%

0.82

0.67

0.54

0.44

95%

0.77

0.60

0.46

0.36

62

62
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Concept of Operations  Griffin e

7-day swface

o sl e
BT R
2. 9.9.9.9.9.9 OACMNIORNOOOOFOO0

1 1 {? 2o & 1
1 ﬁ 1 pemiie 1
5 1 .H =
Low Lunar Orbit -, 5 - - . r £ _.___’
100 km ‘? S w0 W

O owating Gew renr aufice eussion
crew
Troms-Lunor fander
Injection (TLY
Teans-Eaemn
LS proces stock Injection
on T trajectory (ren

Twostage
Orionr

Londer
(VNHN20G 101 szage

e ) ooy
.
:

63

= MNovel concept

* Same net weight as
Starship

* Launched by Super
Heavy

* Payload ratio
increased by 100%

* Final stage contains
conventionally
configured Lunar
Module (i.e. Altair)
* Ascent Stage
* Descent Stage

64

64
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Altair Lunar Module, from
Constellation Pragram, 2011
Lunar orbit rendezvous

with Orion

astronauts to
lunar surface

» Realistic
ingress/egress

Storable prope//an fs

GATEWAY INTEGRATED SPACECRAFT CONFIGURATION

Co-manifested (PPE/HALO) Gateway External Logistics Modules
Launch Vehicle Robotic System (GERS) g
SPACEX Canadarm3 Dragon-XL ‘

e
Y Y\“‘ > L, SPACEX
e LA
f HTV-XG
Power and Propulsion §

Element (PPE) | $ N
> *

P 297
UV |y ESPRIT-Refueler B Airlock

’-" e esa Provider TBD
)
~

Human Landing -

System (HLS) Habitation and Logistics ‘
(government reference Outpost (HALO) | §

concept 5ho~n) NORTHROP =
GRUMMAN % o
ion
Cesa Internatlond Habitat d
(-HAB) e

Qesa 1Ay

Cesa

* LUNAR SPACE STATION
» MNear-Rectilinear Halo Orbit Period = 6.5 days
* Not required for Artemis 3 and 4

66
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Science Fiction becomes Science Fact

67

Beyond Science Fiction?

68

68
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