Some Speculation on The Future...

e Where we are, where we’re going (soon)
e Predicting the future (tl;dr - we’re not good at it)

* Rockets are Wrong
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The Vision

“Once you make it to low Earth orbit,
you’'re halfway to anywhere!”

- Robert A. Heinlein
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But First, Some Perspective...

e The first time I taught this particular lecture was in 2018. Let’s
start with some of those slides and see where we are today...
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Today’s News (in 2018)
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201§/ Falcon Heavy First Flight
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2%) - Virgin Galactic First Passengers
N S ,y’ A ™ &
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2%8 - New Shepard First Passengers

2021
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2% - SpaceX Dragon 2 First Crew Flight

2020
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2%9 - Boeing CST-100 First Crew Flight

20037

20247
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2%0 - Space Launch System 1st Flight

2022
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2%1 - ULA Vulcan Launch Vehicle

2024
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2%1 - Blue Origin New Glenn Vehicle

z
A& UNIVERSITY OF Speculation on the Future

‘ // MARYLAND ENAE 791 — Launch and Entry Vehicle Design




2%(?) — Artemis 2 Mission

20257
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2%4(?) — Artemis 3 Mission

20277

;}/ UNIVERSITY OF Speculation on the Future

X MARYLAND ENAE 791 — Launch and Entry Vehicle Design



The Race 1s On!!!

UNIVERSITY OF Speculation on the Future

/ MARYLAND 15 ENAE 791 — Launch and Entry Vehicle Design



Suborbital Starship Testing
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“The Flip”
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Modern Launch Vehicle Engine Specifications

Merlin
Cycle Open Closed Open Closed Closed Closed
(LOX rich) (Full Flow) (LOX rich) (Fuel Rich)
Fuel Type RP-1 RP-1 RP-1 Methane Methane Hydrogen
Total Thrust 0.84 MN 3.83 MN 6.77 MN 2.00 MN ~2.40 MN 1.86 MN
Thrust : Weight 198:1 78 :1 94 :1 107 : 1 ~80: 1 73]
Specific Impulse 282 sl 311 sl 263 sl 330 sl ~310 sl 366 sl
(ISP} 311 vac 338 vac 304 vac ~350 vac ~340 vac 452 vac
Chamber Pressure 97 bar 257 bar 70 bar 270 bar ~135 bar 206 bar
y UNIVERSITY OF Speculation on the Future
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Super Heavy Engine Configuration
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Starship Integrated Flight Test 3
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Starship IFT 3 Entry

. P e 4
e .. - |

SPEED 26733 KM/H

T+00:46:34 BN ALTITUDE 97 KM

STARSHIP FLIGHT TEST 5 : LOX
CH4

LIVE 3.5M views
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Starship as Human Landing System

\
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Launchers
Country
Height

LEO payload
GTO payload
TLI payload
MTO payload

Starship

Ariane 5

Space Shuttle

Soyuz-2 Atlas V Titan IV
Russia/EU USA USA
46.3 m 58.3 m 62 m
8.2t 20.5t 21.71
3.3t 8.9t 5.7t

Energia

Yenisei (% |
Falcon9 Falcon Heavy . S
Ariane 6 A I I

SLS Block 1

Long March 9

Proton-M
Russia
58.2m
231

6.9t

e
EU USA USA Russia
63 m 70m 70m ~80 m
21.7t 228t 63.81 103 t
M5t 831 26.7 t
97t 7.0t 224t
4.0t 16.8 t

N1

Saturn V

Starship

SLS block 2 SuPerHeavy

Vulcan Centaur Delta IV Heavy

USA
61.6m
27.21%
14.4 t
1211

USA
72 m
28.81
1421

USA
111.3 m 120 m
130t 150 t

55 1

46 t



BFR Costs (per Elon Musk)

LAUNCH COST

MARGINAL COST PER LAUNCH ACCOUNTING FOR REUSABILITY

BFR FALCON 1 FALCON 9 FALCON INDIA GSLV ANTARES SOYuzZ 2-1B
HEAVY
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Sea Dragon (“For All Mankind”)

Speculation on the Future
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https://www.youtube.com/watch?v=H6YJ5oIcT4g

Propulsion Efficiency (Isp-sec)

Mach Number
27

snmuns  RBCC
= Rocket

~ Developed

In- Development
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Solid: JP-Fuel
Stripes: H2 Fuel




Approaches to Air-Breathing Propulsion

AAR
Air-Augmented Rocket

MULTIPURPOSE STRUT INJECTORS
LINEAR ROCKET MOTORS
ISOLATOR
FUEL INJECTOR
LATERAL COMPRESSION SURFACES

TRANSLATING COWL WITH BASE FLAME STABLIZER
ROTATING FORE AND AFT FLAPS

RBCC
Rocket-Based Combined Cycle

9.332 IN DIA. TURBOJET ENGINES

TBCC
Turbine-Based Combined Cycle

INNETDOORS  ©

f..f"‘ NOZZLE
» CLOSE OFF

DOOR
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A ) - :
Combined Cycle Launch Vehicles
\.;'/ RBCC and TBCC

Rocket Based Combined Cycle (RBCC) Turbine Based Combined Cycle (TBCC)
Rocket-ejector >Ramjet >Scramjet >Rocket Turbojet ?Ramjet 2Scramjet 2?Rocket
‘Both technologies are under development at the

component/initial integration stages.

*Basic demonstration of scramjets has been shown, but
survivable, reusable vehicles have not.

*Development will probably require decades, but may yield a
revolutionary launch technology.

*Could be viable for both launch scenarios

Distribution A: Approved for public release; distribution unlimited 12



Rocket-Based Combined Cycle (RBCC)
Primary Rocket Fuel Injection

Y

=

Combustor Nozzle
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DUAL-MODE OPERATION

Contro! throrttle
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* Precombustion shock train
dominates isolator flowfield

* Shock train terminates in
subsonic conditicn

* Boundary layer is separated

* Inlet close to critical

Dual-mode ramjet

|

4

1

Dual-mode scramjet

* Precombustion shock train pulls
back toward combustor entrance

* Shock train terminates in super-
sonic condition

* Boundary fayer separation
decreases

!

| Combustor
‘———

Scramjet mode

* inlet shock continues through
isolator/combustor

* Combustor supersenic throughout

* Boundary layer fully artached

v Precombustion shock-free
isolator

Figure 3. As the vehicle speed increases from Mach 3 to Mach 8, the isolator pressure ratio passes through a
peak at Mach 6. As the shock train and boundary layer retreat, the modes change from dual-mode ramjet to
dual-mode scramjet to pure scramjet mode.



20?? - Skylon
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Skylon

Skylon will be a fuly-autormated, piotiess

SDAce pane

Uniike the Space Shuttle, which is less than 30 per cent
reusable, Skylon wil be totally reusable

Built by: Haaction Engines
Oxforashire, UK
Length: 82m (2691)
Fuselage width:
6.25m

Wingspan: 25m (821
Maximum payload:
12,000kg 20

al 60Om

Skylon's external
shew is only
0.5mm thick angd
s made from
five-rainforced
caramic. It Is also
ree (o move
aurng therrmal
expansiion, winch
1S most extrermme
qunng

atmo E.p hevic

re-emiry

Liquid
hydrogen

tank g

Foreplanes

rOOCe Mainianes

or sisenng

How Skylon gets into space

If Skyton coulkin't collect
oxygen in this manner, it
wWOoulkd need to Carry an
oxtra 250tonnes of
hquid oxygen In its tanks

2. During the inttial
cimb, Skylon's
engmnes operate in
ar-breathing
mode. Durng this
time the engines
collect oxygen
from the
atmospheare,

1. Skylon
takes off in
the same
manner as
a combat
jet, but will
reqQure a
runway
about
5.6km
long

®

Graphic: Ben Gilliland

3. It takes Skylon almost
two hours 10 cimb 1o 28km
and reach a speed of
which is used 1o :nlmq:;t 5,400kph
fuel its ascent 5.350mph)

N —
@ Air-breathing mode

Shuttle orbiter Sizes up

HOTOL

Skylon '

sO™M

®

Inside Skylon

Skylon's fusalage is made

from carbon hbre reinforcedd

How it
Skylon cames 150
tonnes of hgud
prastc. s alurminium fued
lanNks are suspanded withn
the frarme and are free 10
move as the avvcraft
axpands and contracts as nt
s subyected o heat and

pvessure Nuctuat

grealér mass of gas

Auxiliary fuel

tank ‘

Liquid hydrogen tank

Liquid oxygen tanks

Payload bay

[} J

Sabre
engine

Al take-off Skylon wealghs
275tonnes but by the time it
fands, it will weigh just SS5tonnes

= §
@\’@

5. Skylon's rockets
carry the craft to an
altitude of 300km
at which point the
man engines cut off
and & uses smaller
engines &
manoeuvre Into orbit

4. At an altitude of
28.5km. the
Sabre engine shifts
10 rocket mode

« the fir
ntakes
Close
and

@®

6. The
crant
depioys
ts
payload

it burns s internal
fuel supphas, The
rockets accelerate
SKkylon 1o more
than 26,500kph
{16,500mph)

Rocket mode

Orbital insertion/
payload delivery

0

Oxygen and
66 tonnes of hquid hydrogen

(@ htre of MQuid oxygen weighs 1. 14k

Out a htre of Nquid hyarogen only waigns

70g,. which is why the hyarogen fanks are much
gger despite the axygen fanks carmying a fay

The Sabre engine

Yo minimise the amount of fuel Skylon
has to carry, during the first phase of
flight, the Sabre engine gathers oxygen
from the atmosphere at it flies

1. At speeds of more than
5,000kph heat created by
friction means that air gathered
by the intake s a sizzling 1,000 €

2. The hot air passes into a pre-cooler,
which uses cold, high-pressure helium
1o chill the air down to <140 €. AL -140 C,
the & iS just above the temperature at
which it liquities, which greatly reduces it
volume and means the engine doesnt
have 10 carry heavy Compressors

3. This air then flows into the engines
combusion chambers where it is mixed

with hydrogen from Skyloa’s fuel tanks

where it & ignited to produce thrust.

when the engine shifts 1o ‘rocket only’

mode, the air intake closes and the engine uses
Bquid oxygen pumped from its internal tanks

b

Thrust chambers

8. Skylon's landing

speed is about
240kph (150mph)
- compared 10 the

/ Shuttle which
* lands at up 10
650kph

(400mph)

7. Skylon re-enters the
Earth's atmosphere
Being much ighter than the Space
Shuttle, Skylon can re-enter at a
much lower speed - meaning &

doesn't need the Shuttle's

expensive (and fragile) heat tiles @
Re-entry and descent




THE 4,000 MPH PASSENGER JET p

—
pressurised cabin, similar conditions LAPCATA2® Y,

L

NN

L
e

. __ toanormaljet.Duetotheexternal  Length: 456feet
= > forces on fuselage, windows Max noise: 1019 decibels (same as a live rock band)
\ - would be out of the
Flies at up to N question AIRBUS A380
92,000ft, avoiding . 54, Length: 238t 6in
sonic booms ™~ VT Max speed: 587 mph Maxnoise: 6.6 db
being heard over

Length: 2021t 4in
Max speed: 1,354 mph Max noise: 115db

4 SABRE ENGINES
Can accelerate to Mach55-
- 4200 mph at sea level and




Catapult/Tracked Launch System

\5

ATHAN _
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MaglLifter Tracked Launch

A-HRV
Release
Other Facilities Point
Not Shown
(e.g., Control
Center, Launch
Landing Area, Engine Start for Pre-
Storage, etc.) Release Check-Out
Design Opti
(Design Option) 10,000 ft
A (approx.)
P RIMARY P OWER T, I
SYSTEM > Decelerator Total Ascent:
~, (E.c;nSMNES - 6-9 miles < Guideway  Approximately
OPTION) Staging Vehicle A / 0.5 mile 6500 feet
Facility | | fueling and SN > { 3,500 ft
Check-Out [ - \ (approx.)
Power Storage
Accelerator Sub-Stations
........ ) 4 . \
T OTTERR SR a sttt s s Guideway Ref. Vehicles:
E Surface ‘ SEEENSSEALREREARARLEEREACLECAR SRS AREAREALLALACASAREAASR SRR LA RN ROCket S 1.6 Mlbs ““““ N
Option  + Aerodynamic-Highly A /B@l)légoomghM b ;
: : Reusable Vehicle (A-HRV) R = U. S :
: \_ @ 600 mph )

L A L S

.
.
\
y
\
Al
s
s
A
\
A
A
Al
.
Al
A
.
\
Y .
.
5
5
5
.
Al
\
5
)
Al
Al
5
\
Al
\
Al

Periodic : g
Power
Storage
units E Structural Supports
\ Maglev f MagLeY Acce'?rator‘ (Distribution of Loads on Payload
1 SysTEm Guideway Carrier Vehicle Vehicle)
N CROSS -SEC]"ON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ sew e
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NERVA Nuclear Thermal Engine

NOZZLE SKIRT EXTENSION

INTERNAL NOZZLE
SHIELD CONTROL

DRUM

REACTOR CORE
PROPELLANT LINE

TURBOPUMPS

EXTERNAL REFLECTOR
DISC SHIELD

« UNIVERSITY OF Speculation on the Future
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Liquid Core Nuclear Rocket

CONTROL _ DRIVE.

DRUM DRIVE FUEL TRANSFER PORT

THRUST BEARING AXIAL

REFLECTOR

RADIAL REFLECTOR POROUS RETAINER

ROTATING STRUCTURE

NUCLEAR FUEL ENGINE CHAMBER

AR R R o R

HYDROGEN
PROPELLANT

« UNIVERSITY OF Speculation on the Future
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Gas-Core Nuclear Rocket Engine

— BERYLLIUM OXIDE

\

HYDROGEN
PROPELLANT l

DEUTERIUM
OXIDE

URANIUM 235
NUCLEAR FUEL Lo T~55000K
INJECTION
HYDROGEN /
y UNIVERSITY OF Speculation on the Future

,/ MARYLAND 40 ENAE 791 — Launch and Entry Vehicle Design



Gas-Core Nuclear Rocket

INTERNALLY-COOLED

TRANSPARENT WALL
NUCLEAR “LIGHT BULB” NOZZLE
S
T s
i
1D -
“ =
frmna
i
S
NUCLEAR FUEL INJECTION DUCT
NUCLEAR FUEL REGION— YDROGEN PROPELLANT REGION
y UNIVERSITY OF Speculation on the Future
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Project Orion

@ AR IR = Speculation on the Future
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Nuclear Fusion Engine Approaches

NEAT

Magneto-Inertial Fusion

Kl ASNI

Two Approaches

Shell (liner) implosion driven by B, from large

axial currents in shell.

Liner implosion from j x B force between
external coil and induced liner currents

Magnetized Target Fusion Foil Liner Compression
Compressed to
thermonuclear FRC
conditions - .
plasmoid —~
4 : Magnetic Nozzle
Preheated fuel r
(\ ~7 4 -
FRC *’ \ -_
Implosion gector X\ /
System , >
Plasma
MTF RIS FDR .
Driver System
Issues: Advantages:

* Extremely low inductance load difficult to drive
(massively parallel HV caps and switches)

* Close proximity and electrical contact = major
collateral damage with each pulse

* Small FRC must be formed close to implosion =
marginal B for ignition w injector destruction

* Only inefficient 2D compression possible =
requires much larger driver energy

s UNIVERSITY OF

43

Large driver coil easy to power with ample
standoff

Driver electrically isolated from liner and
magnetically from fusion process

Large FRC can be formed external to implosion
with abundant B for ignition

Full 3D compression can be realized for
efficient compression and translation

Speculation on the Future
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Lightcraft Laser Launch System

) UNIVERSITY OF Speculation on the Future
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Lightcraft Operating Concept

Shroud (Cowl):
within which Laser ~__ « Laser Airbreathing Flight
Heating of Alrflow . from Zero Velocity to
and Propellant Hypersonic Speed
Occurs A
o~ ~~~~""~-~_
p-3 N i i
' \\ =
\ B Afterbody: with
, e Mirrored Surface
~ *—__ __ for Focusing Laser
Energy Into the Laser
Shroud (COW‘) Bem
/ \ e
Forebody: for Lift \‘ .
and Compression \ « Laser Rocket Flight from
of Airflow during \ Hypersonic to Orbital
Atmospheric Flight Axi-Symmetric Body Speed
y UNIVERSITY OF Speculation on the Future
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Lightcraft Trajectory

Zenith
Fnd of Laser Lightcraft
Rocket Earth-to-Orbit
Propulsion Trajectory End of Laser R
Airbreathing | ©
Propulsion 5
~ ‘ -
*
Maximum D
(Cut-Ofh) S o o
\’Eht'()‘ o e \\\\\
- 2 \\_
Pt
2 Mow"‘“c“

(Not to Scale)
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Lunar Surface Mass Driver
7 R

Speculation on the Future
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MIT Massdrlver Prototype

)/ UNIVERSITY OF Speculation on the Future

MARYLAND 48 ENAE 791 — Launch and Entry Vehicle Design



Mass Driver Trajectory Adjustment

\- L e b e Laewy P Naetg ; » —
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Space Elevator

k Speculation on the Future
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Space Elevator Schematic

Counterweight

Geosynchronous
orbont

& N~

Cenmter ol mass
for the elevator

Cable

Chmber 8 T

Earth

« UNIVERSITY OF Speculation on the Future
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Lunar Space Elevator

-

~
COUNTERWEIGHT— s
- i 3
"/
N .
. 1
R
& BN -
\ AN
EQUATORIAL BASE ———— S
gl
- / 2
-
§ o
TOHEO [ -~
| 2o RAM
...*. enn
s ¥ — CARGO CAPSULES POLAR BASE
_ 7@ <——— COUNTERWEIGHT
- / .
4
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Theoretical Cost to Orbit

e Convert to usual energy units

J kW hrs
=32 x 10° — =8.9
kg in orbit - kg kg

Total Enerqgy

e Domestic energy costs are ~$0.09 / kWhr

» Theoretical cost to orbit $0.99 /k

@ AR IR = Speculation on the Future
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Arthur C. Clarke’s Three Laws

1. When a distinguished but elderly scientist states that
something is possible, they are almost certainly right. When
they state that something is impossible, they are very probably
wrong

2. The only way of discoing the limits of the possible is to venture
a little way past them into the impossible

3. Any sufficiently advanced technology is indistinguishable
from magic

UNIVERSITY OF Speculation on the Future
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