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Types of Propulsion Systems:"
A Quick Overview!
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Review: Thrust Equation!

m
•
i = 0

• Thrust + Oxidizer enters combustion!
Chamber at ~0 velocity, combustion!
Adds energy … High Chamber pressure!
Accelerates flow through Nozzle!
Resultant pressure forces produce thrust!

F = m
•
e Ve + peAe ! p"Ae( )
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Review: Specific Impulse!

“Units ~ seconds”!
• Effective Exhaust Velocity!

3!
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Specific Impulse (Revisited)!

Warp Speed!!
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Required Delta V Summary!
!V!
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Types of Propulsion Systems!

6!

• Nuclear Propulsion  .. More on this topic later!
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Types of Propulsion Systems!

7!



MAE 5540 - Propulsion Systems! 8!

Thrust Vs Isp !
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Chemical Propulsion Systems!

Boosters if they are big, Thrusters if 
they are small.!

Material from Spacecraft Propulsion, Charles D. Brown, ISBN 1-56347-128-0 
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Desirable Characteristics for Launch Vehicle 
Stages (Boosters)!

11!
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Typical Launch Vehicle (Booster) Rocket 
Stage Systems!
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Desirable Characteristics for In-Space 
Propulsion Systems (Thrusters)!

13!

MOderate to low
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Desirable Characteristics for In-Space 
Propulsion Systems (Thrusters) (2)!

14!
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5 Types of Chemical Thrusters!

•  Cold Gas!
•  Monopropellant!
•  Bipropellant!
•  Solid!
•  Hybrid !

• Chemical Propulsion systems comprise the following main components!
!- Storage and feed system that stores and feeds the propellant to the thrusters !
!- Valves, piping which connects the propellant storage system with the 
!thruster!
!- Electric control unit to operate electrically the valves and thrusters!
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System Weight Comparison!
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Cold Gas Thrusters!

•  The balloon model:  A big tank of gas, a valve, 
and a nozzle. !

•  Used on early satellites for simplicity!
•  Isp of 50 seconds!
•  thrust less than a pound!
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Cold Gas Thrusters!

• No Combustion 

• Thrust provided by 
   expansion of gas  
   through Nozzle 

• Low Isp 

• Simple Mechanism Actuator Valve!
for Gas Flow!

Pressure 
Regulator 

Gas Storage Tank 

Gas Exhaust Nozzle 



MAE 5540 - Propulsion Systems! 18!

Cold Gas Thrusters (2)!
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Monopropellant systems!

• Often used for!
  spacecraft RCS!
  system!
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Monopropellant Thrusters!
•  An unstable chemical that will decompose 

exothermically in the presence of a catalyst.!
•  The chemical needs to be unstable, but not too 

unstable.!
•  V2 used hydrogen peroxide, but it decomposes in 

storage, leading to overpressures and water. !
•  Current systems use Hydrazine, which 

decomposes into Hydrogen, nitrogen, and 
ammonia in the presence of iridium.  Isp is on the 
order of 230, and total thrust can reach hundreds 
of lbs.  !
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Monopropellant Thrusters (2)!
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Hydrazine 
Monopropellant 

Description 

Recommendations Technical/Development Hurdles Subsystem State of the Art 

Mission Applications/Benefits 

Hydrazine is a very effective and reliable 
monopropellant. Hydrazine thrusters are 
simple, versatile, and dependable. In 
monopropellant form hydrazine has a low 
vapor pressure and requires a “top pressurant” 
for rocketry use. A typical arrangement will 
include a pressurant tank, propellant tank, 
electric solenoid or pneumatic valve, catalyst 
bed, post-combustion chamber, and exit 
nozzle. The industry standard catalyst bet is 
composed of alumina pellets impregnated with 
iridium. The catalytic material was originally 
commercially developed under the brand name 
Shell-405® (Shell Chemical, Houston, TX.) In 
2002 commercial production shifted from 
Shell Chemical to the Aerospace Corporation, 
Redmond WA. The product is now 
commercially available as Aerojet S-405.  

Hydrazine is by far the most commonly used monopropellant for primary 
spacecraft propulsion and attitude control thrusters.  

Hydrazine is a highly energetic and is listed by the US 
DOT as a shock-sensitive chemical prone explode when 
struck, vibrated, or otherwise agitated. Material 
compatibility is a critical concern. Hydrazine 
spontaneously explodes upon contact with calcium 
oxide, barium oxide, iron oxides, copper oxide, 
chromate salts, and many others. 

Hydrazine poses serious biological environmental 
concerns and is extremely destructive to living tissues, 
and a known human carcinogen. Dimethyl-hydrazine, 
has caused colon cancer in laboratory animals 
following a single exposure. Hydrazine is corrosive to 
eyes, skin, and mucous membranes. Caustic burns to 
the skin are the immediate result of contact with the 
liquid. Exposure produces a variety of adverse systemic 
effects including damage to liver, kidneys, nervous 
system, and red blood cells.   

With a growing regulatory burden, 
infrastructure requirements associated with 
hydrazine transport, storage, servicing, and 
clean up of accidental releases are becoming 
cost prohibitive. Extreme handling precautions 
generally do not favor hydrazine as a propellant 
for secondary payloads. A non-toxic, stable 
propellant alternative for hydrazine is clearly 
desirable. NASA should discourage the use of, 
and gradually phase out, hydrazine and replace 
this propellant with non-toxic propellants, target 
to the mission application. NASA should 
aggressively pursue multiple options for 
hydrazine replacement alternatives.  

Monopropellant thrusters using hydrazine (N2H4) are commonly used on a 
variety of spacecraft and satellites. However, hydrazine is a highly toxic 
and dangerously unstable substance. Although procedures are in place to 
allow hydrazine to be managed safely on tightly controlled military and 
NASA-owned flight experiments; the toxicity and explosion potential of 
hydrazine requires extreme handling precautions. Increasingly, with a 
growing regulatory burden, infrastructure requirements associated with 
hydrazine transport, storage, servicing, and clean up of accidental releases 
are becoming cost prohibitive. The use of hydrazine as a propellant has 
been compromised by stringent laws to protect personnel who have to 
work with substances which are highly toxic and carcinogenic. 

Recently, much more benign, low toxicity (“green”) storable liquid 
propellants have attracted significant attention as possible replacements 
for hydrazine.  
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Bi-propellant Rocket Systems!

• Bi-prop offers the most 
performance (Isp as high 
as 450 sec) and the most 
versatility.  !

• They also offer the 
most failure modes and 
the highest price tags.!

•Almost all first stage 
liquid rockets are Bi-
prop.  !
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Galileo Plumbing and Instrumentation 
Diagram (P&ID)!
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Bi-propellant Rocket Systems (2)!
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Bi-Prop Combustion Cycle Alternatives!
• Turbine Fed Bi-Prop!

  System (Gas generation cycle)!
• Pressure Fed Bi-Prop System!
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Bi-Prop Combustion Cycle Alternatives!
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Gas Generation Cycles for BiProps!

28!

Credit: Sutton and Biblarz!
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Gas Generation Cycles for BiProps!

29!

Staged Combustion (Closed) Cycle.!Open Gas Generator Combustion Cycle.!
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Gas Generation Cycles for BiProps (2)!

30!

Open Gas Generator Combustion Cycle.!

• Fuel and oxidizer is burned separately to 
power the turbo-pumps and then 
discarded. !

• Most gas-generator engines use the fuel 
for nozzle cooling.!

• Complex design, but delivers very 
precise fuel/oxidizer flow rates!

• Can be throttled significantly!

• Loss in Isp due to discarded propellant.!
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Gas Generation Cycles for BiProps (2)!

31!

• All fuel and portion of the oxidizer are 
fed through the fuel-rich pre-burner (fuel 
rich) to generate gas for pumps. !

• Because of fuel rich mixture, Preburned 
gas is recovered and remaining fuel is 
burned in chamber!

• Significantly higher Isp, more complex 
plumbing than open cycle!

• Delivers very precise fuel/oxidizer flow 
rates and can be throttled significantly!

• Combustion rich gases generally 
corrosive!Staged Combustion (Closed) Cycle.!
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Gas Generator Bi-Prop System Components!
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Pressure-Fed Bi-Prop Systems!

33!

• Pressurized gas used to control 
feed of propellant through system!

• Heat exchanger often required to 
keep pressurant gas from dropping 
pressure!

• Significantly less complex system!

• Higher degree of variability in 
system flow rates!

• System cannot be throttled!

• Pressurant gas limits flow rates!

Pressure fed Bi-Prop System!
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Pressure-Fed Bi-Prop Systems!

34!

Credit: Sutton and Biblarz!
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Self-Pressurized Bi-Prop Systems!

35!

• Relies on one or more saturated liquid propellants with high 
natural vapor pressure !
• Sometimes referred to as “Blowdown Systems”!
• Extremely Simple System Plumbing!
• Highly Variable massflows!
• Potentially dangerous if propellant blow back occurs!
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Future Development in Liquid Propellant 
Technologies!

37!
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Future Development in Liquid Propellant 
Technologies (2)!

38!
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Future Development in Liquid Propellant 
Technologies (2)!

39!

NASA TA02 Space Propulsion Roadmap!
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Solid Rocket Motors!

• The oxidizer and fuel are stored in the combustion chamber as a 
mechanical mixture in solid form!
• Two conditions for use:!

The total Impulse is known accurately in advance!
Restart is not required!

• Elements include:  Case, Igniter, Grain, Nozzle, liner/insulation!
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Solid Rocket Motors!
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Solid Propellants!
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Solid Propellants (2)!
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Burning Patterns!
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Thrust Profiles!
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Space Shuttle SRB’s!
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SHAPE OF PROPELLANT GRAINS QUENCHED AT DIFFERENT TIMES 

Start condition     Quenched at 1.5 s     Quenched at 2.5 s
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Burn Area Revisited (cont’d)
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• Burn Area stays relatively constant

• Burn Volume Goes Down

• Ratio of Burn Area to
Chamber Volume goes
….. Down! Fast!

• Result is a more shaped
burn profile

“tips burn first”



MAE 5540 - Propulsion Systems 38

Finally Look at grain pattern

• “Regressive Grain pattern” … Burn surface area actually 
shrinks As propellant is burned
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Solid Rocket Burn Summary
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Hybrid Rocket Motors!
• Possess features of both liquid and solid 
rockets. !

• Hybrid consists of a solid fuel grain made from 
a polymeric material. !

• Oxidizer is stored in a tank separate from the 
fuel grain, which is stored in a combustion 
chamber. !

• Both propellants are inert and only combust 
when the fuel is converted to gaseous state and 
mixed with oxidizer in the combustion chamber. !

• Limited explosion potential!

•Like liquid rockets, hybrid rockets can 
potentially  be throttle, stopped, and restarted.!

Hybrid Rocket Motor!
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Hybrid Rocket Motors!

Credit: Sutton and Biblarz!
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Space Dev® Hybrid Powered"
“Spaceship 1” (cont’d)!

• Built by Burt Rutan (Scaled Composites®) with Paul Allen’s (Apple co founder) 
Money in Mojave CA SS1 wrote history, when the first private suborbital 
spaceflight was conducted on June 21, 2004 (with pilot Mike Melvill).  

• SS1 won the X-Prize with flights on 29.09.2004 (Melville) 
 and a follow up flight on 04.10.2004. (Brian Binneie) 

• Powered by a 16700 lbf thrust Hybrid Motor (SpaceDev) 
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Hybrids Rockets are a Potentially Enabling Technology for the 
Emerging Commercial Spaceflight Industry!

•  NASA is contracting with commercial space hardware and launch 
service companies to fill the void left by the retirement of the Space 
Shuttle fleet.!
•  Well funded firms like Virgin Galactic, SpaceX, Blue Origin, Sierra 
Nevada Corp, Bigelow Aerospace, and others are pioneering a new era in 
spaceflight and space exploration. !

Spaceship OneTM Hybrid 
Rocket Firing During 
Ansari X-prize Flight 

Masten Engineering’s 
Winning Lunar X-

prize Entry 

Virgin Galactic VSS 
Enterprise Powered by SNC 

Hybrid Rocket Motor 

SNC Dream Chaser 
Powered by SNC Hybrid 

Rocket Motor 

Danish Suborbital’s Tycho 
Brahe Spacecraft powered by 

Hybrid HEAT Rocket 

Bigelow Aerospace 
Space Station Module 

Space X Falcon 
9 Medium Lift 

Launcher 

50!
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Birth of a New 
Transportation Industry? 

Virgin Galactic, the British company created by entrepreneur Sir Richard Branson 
to send tourists into space and the State of New Mexico have entered into an 
agreement for the State to build a $225 million spaceport. Virgin Galactic has also 
revealed that 38,000 people from 126 countries have expressed interest its 
commercial suborbital flights. A core group of 100 "founders" have paid the full 
initial $200,000 ticket price and an additional 300 intrepid passengers have placed 
deposits.!

Virgin Galactic was cleared for civil airspace operations in 2008 and is expected to 
initiate passenger services beginning in 2012. !

51!



MAE 5540 - Propulsion Systems! 53!

Propellant Comparisons!
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Propellant Comparisons!

Type Propellant Vacuum
Isp

Thrust Range
(lbf)

Avg Density
(gm/cm3)

Cold Gas N2, NH3, Freon, He 50-75 0.01-50 0.28-0.96
Solid Motor Various 280-300 10 - 106 1.8
Mono prop H2O2, N2H4 150-225 0.01-0.1 1.44, 1.0

Bi-Prop O2 and RP-1 350 1 - 106 1.14 and 0.80
Bi-Prop O2 and H2 450 1 - 106 1.14 and 0.07
Bi-Prop N2O4 and MMH 300-340 1 - 106 1.43 and 0.86
Bi-Prop F2 and N2H4 425 1 - 106 1.5 and 1.0
Bi-Prop OF2 and B2H6 430 1 - 106 1.5 and 0.44
Bi-Prop CIF5 and N2H4 350 1 - 106 1.9 and 1.0
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Chemical Rocket Comparison 

Feature Liquid, Bipropellant Solid Hybrid 

Safety Potential for combustion 
instability, can explode, 
volatile propellants 

Highly flammable 
significant explosion 
potential, DOT 1.1 

Inert propellants,  
low explosion and 
transport risk 

Toxicity Ranges from non-toxic to 
highly toxic 

Exhaust products 
highly toxic 

Exhaust products 
non-toxic (CO2, H2O) 

Fabrication 
Costs 

Extremely expensive Expensive, mostly due 
to handling difficulties 

Inexpensive 

Complexity/
Reliability 

Highly complex, moderate 
reliability 

Simple-to-moderate 
complexity, high 
reliability 

Moderate 
complexity, high 
reliability 

Operation Throttleable, restartable, 
high performance 

No restart, throttle 
capability, high-to- 
moderate performance 

Potentially, 
Thottleable, 
restartable, 
moderate 
performance 

8!55!
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Electric Propulsion!

,mu&

P 
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Benefits of Electric Propulsion!
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•  Use electric power to accelerate the propellant to 
produce thrust.!

•  Because the effective velocity of the exhaust, Ce,  
is limited only by the speed of light, the Isp can be 
very high.!
–  As Isp increases, the required propellant mass decreases.!
–   !

•  However, unless we have megawatts of electricity 
available, the total thrust will be small.  
Accelerations in the range of 0.001g!

Basic Concept!

Isp =
F

m( )
•

g0
=
Ce

g0
Ce ! Ve +

peAe " p#Ae
m
•
ex



MAE 5540 - Propulsion Systems! 59!

Power Required (1)!
• Mechanical Power of a Rocket Exhaust!

Added K.E. of burned!
Propellant “Blob”!

    Ce     !
K .E. = 1

2
mblob !Ce

2

" Pex =
d
dt

K .E.( ) = 1
2

m
•
e

#
$%

&
'(
!Ce

2

Ce ! Ve +
peAe " p#Ae

m
•
ex

$ F = m
•
e Ve + peAe " p#Ae( ) = m

•
e Ce

     mblob     !

! Pex =
1
2
F "Ce• Effective Exhaust Velocity 
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Power Required (2)!
• Mechanical Power of a Rocket Exhaust!

    Ce     !

     mblob     !
! Pex =

1
2
F "Ce

Ce !
F

m
• = g0 Isp " Pex =

1
2
F # go # Isp
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Power Required (3)!
• Define Power Plant Efficiency!

! =
Pout
Pin

" Pex = ! #Pin

(High Isp means 
low Thrust Unless 
you have a BIG! 
Power source.) 

•  The electrical power needed is a function of the thrust 
required, and the Isp.!

• " is an efficiency factor that depends on the specific electric 
thruster, and varies from 0.3 to 0.95!

Pin =
F ! Isp ! g0
2"
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Power Required (cont’d)!

,mu&
P 

• Specific Mass (Kg/KW)!
How much systems weighs per unit of 
power delivered!

• EP systems tend to have larger specific!
Masses than chemical rockets due to!
Higher complexity of systems!
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Classes of Thrusters!
•  Electro-Thermal - The propellant gas is 

electrically heated and expanded through a nozzle. !
–  resistojets and arcjets.!

•  Electro-Static - The propellant is ionized and the 
resulting ions are accelerated through an electric 
potential. !
–  Hall effect and Kaufmann type thrusters.!

•  Electro-Magnetic - Both electric and magnetic 
body forces are used to accelerate ions. !
–  Magnetoplasmadynamic thruster, or MPD!
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Three Classes of Electro-propulsion!
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Types of Electro Thermal Thrusters!

•  Resistojet - Use electric heaters to increase the 
temperature and thus the thrust generated by N2H4 
monoprop systems!

•  Arcjet - Same, but using an electric arc instead of 
a resistance heater.!

•  Pulsed Plasma -  A high voltage arc creates a 
plasma that ablates the surface of a Teflon fuel 
bar, the ablated particles are accelerated by the 
plasma toward the nozzle where they provide the 
mass for the rocket effect. !
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Types of Electro-Static Thrusters!

•  Ion thrusters - xenon gas is ionized by an 
electric arc, and then accelerated electrically 
toward the nozzle.!

•  Hall effect thrusters - includes a static 
magnetic field which improves the 
acceleration of the xenon!
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Characteristics!
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Typical Parameters of Small Thrusters!

0.1-1 N!~30%!~500 - 700s!
>1000 s (H2)!

Arcjets!

40 µN – 1.4 mN!~90%!6000-9000 s!Field Emission Thruster!

1-100 mN!~65%!1700-3900 s!Ion Thrusters!

1.8–500 mN!~50-60%!1500-3000!Hall Thruster!

20 µN!~50%!450-1350!Colloid Thruster!

2 µN – 4.5 mN!~15%!200-1500!Pulsed Plasma Thruster!

>2 N!95+%!315!Chemical Bipropellant!

100+ N!90+%!185!Solid Rocket Motor!
Thrust!"!Isp (s)!Thruster!

Electric Propulsion Thrusters 
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CATHODE 

+ 

e- 

ANODE 

FUEL 

• Principle:  High translational energies 
 through efficient heating 

• Propellant:  N2/H2, N2H4, H2 

Electrothermal Arcjets!

ESEX 30kW ammonia arcjet 
Air Force flight experiment 
Flew successfully in 1999 

Isp = 500-1200 sec 
" = 20-30% 
Thrust = 0.1-1 N 
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Electrothermal Arcjets!
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Pulsed Plasma Thruster (PPT)!
• Principle:  Plasma Surface Ablation + Acceleration 
• Propellant:  Teflon, Teflon derivatives 

Spark Ignitor 

Teflon Block 

Spring 

Pulsed Discharge 

Plasmoid 

LES 8/9 

Primex EO-1 

Isp = 200 -1500 sec 
" = ~15% 
Thrust = 2 uN -  4 mN 
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Pulsed Plasma Thruster (PPT)!
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Micro-PPTs!

!-PPT Firing at AFRL COTS PPUs 

COTS Capacitors 

AFRL Patented Designs 

•  Key development issues:!
–  Thruster life as propellant recedes!
–  Minimize operational voltage!
–  Low mass power supplies and 

switching mechanisms!
–  Quantify effluents!

•  Flight demo on TechSat 21!
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Hall Effect Thrusters
• Hall	effect	thrusters accelerate	ions	by	
means	of	an	electric	potential	between	a	
cylindrical	anode	and	a	negatively	
charged	plasma	that	forms	the	cathode.	
• Bulk of the propellant (typically xenon) is
introduced near the anode, where it
ionizes and flows toward the cathode.
• Ions	accelerate	towards	and	through	it,	
picking	up	electrons	as	they	leave	to	
neutralize	the	beam	and	leave	the	
thruster	at	high	velocity.	
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Hall Thruster!
• Principle:   
  Electromagnetic Acceleration of Ions 
• Propellant:  Xe, Kr 

1. Electrons emitted from the cathode 
travel toward the anode. 

2. Electrons are impeded in the discharge 
channel by a strong radial magnetic 
field, causing a strong axial electric 
field to concentrate in this region. 

4. This electric field heats the electrons, 
which subsequently ionize gaseous 
propellant (xenon) emitted near the 
anode. 

6. The ionized gas accelerates axially 
through the electric field in the 
discharge channel, exiting the device at 
high speed, thus producing thrust. 

Isp = 1000-3000 sec 
" = 30-60% 
Thrust = 5-400 mN 
Power = 50W - 4.5 kW 

ION BEAM 

ION BEAM 

Anode (200 - 1000 V) Hollow Cathode Magnets 

Gas Inlet 

SPT-140 DM3 

(2)
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Ion Engines!
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Ion Engines!

ION BEAM 

Hollow Cath 

Anode 

Hollow Cathode 
(neutralizer) 

Grids 

V+         V- 

e- 

Plasma 

• Principle:   
  Electrostatic Acceleration of Ions 
• Propellant:  Xe, Kr 

NASA’s NSTAR 
30cm Ion Engine 

Isp = 1500-4000 sec 
" = ~65% 
Thrust = 1-100 mN 

(2)
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Ion Drive Engines
• Ion thruster is highest TRL of electrically powered spacecraft propulsion.

• Dawn Spacecraft  ion drive would require two days to accelerate a car to highway speed. 

• Ion Drive thrust levels are limited by the space charge created by ions, and limited available power 
source. 

• Ion thrusters create small thrust levels compared to conventional chemical rockets, but achieve high 
specific impulse, or propellant mass efficiency, by accelerating the exhaust to high speed. 

• Power imparted to the exhaust increases with the square of exhaust velocity while thrust increase is 
linear. 

• Given the practical weight of suitable power sources, the acceleration from an ion thruster is 
frequently less than one thousandth of standard gravity. 

• However, since they operate as electric (or electrostatic) motors, they convert a greater fraction of 
input power into kinetic exhaust power. Chemical rockets operate as heat engines, and Carnot's 
theorem limits the exhaust velocity.
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Deep Space 1 
• First operational demonstration of Ion Drive System.

Launch	Date: October	24,	1998
Destinations: asteroid	9969	
Braille,	comet	Borrelly
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Dawn Spacecraft, Ceres Rendezvous and Orbit

The	Deep	Space	1
spacecraft,	powered	
by	an	ion	thruster,	
changed	velocity	by	
4.3 km/s	while	
consuming	less	than	
74	kilograms	of	
xenon.	The	Dawn
spacecraft	broke	the	
record,	with	a	
velocity	change of	
10 km/s.

• Mission Objectives Achievable
ONLY using Ion Drive System
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Dawn Spacecraft Ion Drive
• Dawn ion propulsion system 

consists of three ion thrusters and 
is based on the Deep Space 1 
spacecraft ion drive, using xenon 
which is ionized and accelerated 
by electrodes. 

• Xenon ion engines have a 
maximum thrust at 2.6 kW input 
power of 92 mN and a specific 
impulse of 3200 to 1900 s. 

• The 30-cm diameter thrusters are 
two-axis gimbal mounted at the 
base of the spacecraft. 

• Xenon tank held 425 kg of 
propellant at launch.
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Worked EP Example!
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Orbital Initial Conditions!



MAE 5540 - Propulsion Systems! 84!

Orbital Initial Conditions!
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Worked Example (cont’d)!
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Worked Example (cont’d)!

10.00000

Thrust (Newtons)

2500.0

Isp (seconds)

• Initial
  Spacecraft Mass

        1000kg
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Worked Example (cont’d)!

a(1+e)!
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Worked Example (cont'd)

Thrust
Termination

GEO
Orbit

Final 
(continuous-thrust) 

Orbit

Final !V 
Required to

Circularize Orbit

• Continuous Thrust GTO
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Worked Example (cont’d)!
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Worked Example (cont’d)!
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Worked Example (cont’d)!
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Worked Example (cont’d)!
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Worked Example (cont’d)!
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Worked Example (cont’d)!
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Compare to Hohmann transfer using 
Conventional Propulsion!
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EP, in the Right Circumstances!
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EP, in the Right Circumstances!
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Benefits of Electric Propulsion

Chemical Electric

15%

30%

30%

25%

Structure

Bus

Propellant

Payload

15%

32%

6%

47%

Structure

Bus

Propellant

Payload

++
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How about EP driven Ferry to the Moon?!

ª Continual round!
Trips between earth !
and Moon!
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Other Forms of Propulsion!

You’re going to bolt a JATO bottle to 
a car and jump the Snake River???!

• This guy wins a Darwin Award!!
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Project Orion!
•  Pulse rocket, propelled by multiple nuclear explosions (Ganswindt’s 

dynamite propelled craft?)!
•  Thirty one-kiloton explosions per second, exploding 150 to 1000 ft 

behind the ship.!
•  ARPA and NASA both seriously studied it.!
•  A 2,500,000 lb spaceship would be assembled in orbit (eight Saturn V 

flights) and with 2,000 atomic bombs, would carry 20 people to Mars 
on a 250 day round trip.!

•  Isp between 1,850 and 2,550!
•  Ran out of money in 1965!

• Another Darwin Award!!
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Project Orion (Ouch!)!
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More Realistic Nuclear Propulsion"
 (When we glow in the dark, we’ll be there)!

•  Goddard and Tsiolkovsky both suggested atomic 
rockets!

•  The Air Force and the AEC started serious 
development in 1955!

•  Theoretically, the temperatures generated by a 
reactor can heat propellant and produce exhaust 
velocities of twice those of chemical rockets.  Isp 
in the range of 1,000.!
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Nuclear Propulsion!

Nuclear Engine for !
Rocket Vehicle !
Application (NERVA)!
• High Energy Density!
May enable High Isp!
And moderate thrust!

• .. Or High Thrust and !
Moderate Isp!
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Nuclear Propulsion (2)!
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Nuclear Engine for Rocket Vehicle 
Application (NERVA)!



6MAE 5540 - Propulsion Systems

NERVA Rocket

“Rocket	Garden”	Bldg 4205	MSFC
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Example Nuclear Transfer Problem 
Specification!

• Transfer from LEO (200 km altitude) to GEO, both 
orbits equatorial!

• Use Nuclear Rocket, Ionized H Fuel, uexit ~ 105 m/sec!

• Required Transfer time < 100 hours!

• Dry Vehicle Mass, 50,000 kg!
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Compute Radius of"
Geo Orbit!
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Hohmann Transfer from LEO to GEO!
RLEO = 6378 + 200 = 6578km

RGEO = 42164.2km

atransfer =
42164.2km + 6578km

2
= 24351.1km
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Hohmann Transfer from LEO to GEO (cont’d)!

23.9860044 10
5!

6578
3.9860044 105!

42164.2 6578+
2

"

# $
% &
% &
% &
' (

0.5

3.9860044 105!

6578# $
% &
' ( 0.5

"

• Earth Departure !
  (Impulsive Burn, Infinite Thrust)!

= 2.45463 km/sec!

!V1 =
2µ
RLEO

"
µ

atransfer
"

µ
RLEO

=
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Hohmann Transfer from LEO to GEO (cont’d)!

• GEO Arrival !
   (Impulsive Burn, infinite thrust)!

= 1.47729 km/sec!

!V2 =
µ
RGEO

"
2µ
RGEO

"
µ

atransfer
=

3.9860044 105!

42164.2" #
$ %
& ' 0.5

" #
$ %
& '

23.9860044 10
5!

42164.2
3.9860044 105!

42164.2 6578+
2

(

" #
$ %
$ %
$ %
& '

" #
$ %
$ %
$ %
& '

0.5

(

• Total Delta V (2 Impulsive Burns) = 3.9319 km/sec!
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Nuclear Rocket Thrust Modeling!
P 

m
•
,ue F = g0 m

•
Isp ! F = m

•
ue ! Isp =

ue
g0

ue = 1!105
m /sec      " Isp ~ 10,200sec

• Impulsive Burn Propellant requirements!

Mprop = Mdry e
!V
g0 Isp "1

#

$
%

&

'
( = 50000

3.93191 1000!

9.8066 10200!" #
$ %exp 1&" #

$ %

= 2004.558 kg!

• Exit Pressure thrust negligible!

Notional Engine!
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Finite Thrust Transfer!
• Initial Orbit Radius 6578 km, Final Orbit radius 42164.2 km!

• Isp = 10,200 sec!

• Transfer time = 100 hours (360,000 sec)!

• Target Longitude = 32 deg east!

• Dry Vehicle mass = 50,000 kg!

• Assumed initial fuel mass, 2415 kg!

• Constant Thrust, 690 Nt!
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Initial & Final Orbit, Keplerian Elements!
Simulation Starts at 0z Greenwich Mean Sidereal Time!

0.0000001
e (deg.)

0.0000001
I (deg.)

124.5400000
!

0.0000000
"

6578.0000000
a (km)

0.0000000
nu, deg.

Initial Orbit

0.0000000
e (deg.)

0.0000000
I (deg.)

32.0000000
!

0.0000000
"

42164.2000000
a (km)

0.0000000
nu, deg.

Desired Final Orbit

Target position!
Initial Spacecraft!
 position!
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Spiral Transfer Plot, Looking"
Down on Equatorial plane!

50000.0

-50000.0

-40000.0

-30000.0

-20000.0

-10000.0

0.0

10000.0

20000.0

30000.0

40000.0

50000.0-50000.0 -20000.0 0.0 20000.0

geocentric X/Y plane plot  2

Target Intercept!

Thrust Termination!

Target @!
Thrust !
Termination!

Coast!
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Delta V/Propellant Budget!
• Accumulated Delta V!
  During Constant Thrust!
  Segment of Transfer!

• Residual Delta V at Target!
  Intercept!

Consumed propellant: 2335.02 kg! Consumed propellant: 75.8 kg!
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Delta V/Propellant Budget (cont’d)!

• Total Required Delta V: 4.7012 km/sec!
• Total Consumed Propellant: 2410.82 kg!

 

!V (t) = g0 Isp( ) " Ln Minitial

M final

#

$
%
%

&

'
(
(
= g0 Isp( ) " Ln Minitial

Minitial )
i

m( ) "d*
0

t

+

#

$

%
%
%
%
%

&

'

(
(
(
(
(

,
•

!V (t ) =
g0 Isp( ) "

i

m( )
Minitial )

i

m( )"t
=

Fthrust (t)

Minitial )
Fthrust (t)
g0 Isp
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Power Budget!
2

2 2

2

2 2
2

in

sp
in

sp spin

in

sp

mu FuP

FI g
P

I g aI gP F
M M
Pa
M I g

! !

!

! !

!

= =

=

= =

=

!

Assume :! = 0.7" Pin =
690Nt #10,200sec # 9.8066m /sec

2 # 0.7
=

49.299 Mw!

Total Energy Consumed:!

E = 690Nt !10,200sec ! 9.8066m /sec
2 ! 0.7

! 338550sec = 16.69 !10
6MJ

Ouch!!
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Power Density!
• Required Mean Acceleration!

a = F
M

!
690Nt

50,000 + 2411
2

"
#$

%
&' kg

= 0.013475
m /sec2

M
Pin

=
2!

aIspg0
=

2 " 0.7
0.013475

m /sec2
"10,200sec " 9.8066m /sec2

"1000 = 1.0387 kg
Kw

• Calculate Specific mass!
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Power Density (cont’d)!
• Required Power density 
likely not feasible at this 
point for 100 hour mission!

Isp is Unrealistically high!

Specific Mass of 7 Kg/Kw is 
more realistic!
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Power Density (cont’d)!
M
Pin

=
2!

aIspg0
=

2!
F
M
Ispg0

" Isp =
M
F
#
2!
g0

#
Pin
M

Isp =
50,000 + 2411

2
$
%&

'
() kg

690Nt
#

2 #0.7
9.8066

m /sec2
#

1

7 kg
KW

#
1000W
1KW

=

~ 1500 sec!

Specific Mass of 7 Kg/Kw !

is more realistic!
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Power Density (cont’d)!
• To get power density of 
10kg/Kw with same 
thrust (690 Nt) … Isp ~ 
1500 sec!

Mprop = Mdry e
!V
g0 Isp "1

#

$
%

&

'
( =

18420.3 kg!

• Required Power!
690 1500 9.8066! !

2 0.7 106! !
= 7.25 Mw!

50000
4.5587 0.055+( ) 1000

9.8066 1500!" #
$ %exp 1&" #

$ %

a = F
M

!
690Nt

50,000 + 18420.3
2

"
#$

%
&' kg

= 0.011653
m /sec2
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Power Density (cont’d)!

• Required Power!
690 1500 9.8066! !

2 0.7 106! !
= 7.25 Mw!

ue = Isp ! g0 = 1500sec ! 9.8066m /sec2 = 14709.9m /sec

E = 7.25Mw ! 389,000sec = 2.8203!10
6
MJ

• Energy consumed!

Factor of 7 less !
power consumed!
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Mission profile 2: Spiral Transfer Plot!
• Mission Duration: 115.19 hours @ 690 Nt Thrust!
• Burn Duration: 389,000 sec!
• Requires 664% more propellant, but  85% less input power!

50000.0

-50000.0

-40000.0

-30000.0

-20000.0

-10000.0

0.0

10000.0

20000.0

30000.0

40000.0

50000.0-50000.0 0.0

geocentric X/Y plane plot 

0.0000001
e (deg.)

0.0000001
I (deg.)

182.0000000
!

0.0000000
"

6578.0000000
a (km)

0.0000000
nu, deg.

Initial Orbit
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Mission Profile 3:"
Transfer from 28.5# initial LEO orbit to GEO final orbit!

0.0000000
e (deg.)

28.5000000
I (deg.)

128.0800000
!

72.0000000
"

6578.0000000
a (km)

0.0000000
nu, deg.

Initial Orbit

50000.0

-50000.0

-40000.0

-30000.0

-20000.0

-10000.0

0.0

10000.0

20000.0

30000.0

40000.0

50000.0-50000.0 0.0

geocentricX/Z plane plot 
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Final Orbit Insertion!

50000.0

-50000.0

-40000.0

-30000.0

-20000.0

-10000.0

0.0

10000.0

20000.0

30000.0

40000.0

50000.0-50000.0 0.0

geocentric Y/Z plane plot

28.5o

Use High Thrust Apogee
"Kick Motor" for final orbital insertion

• Required Delta V for plane 
change is 1.484 km/sec!

• Assume Kick Motor!

 ! Isp = 350 sec!

• 8:1 propellant-to-dry mass   
ratio for kick motor!

• Delivered payload mass 
fraction ~ 45.34% of initial 
mass!



MAE 5540 - Propulsion Systems! 127!

Mission Delta V / Mass Budget!
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Other Concepts!

• Futuristic .. To say the least!
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Solar Thermal Rocket!

129!
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Solar Thermal Rocket!

130!
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Fusion Engine!

•  Isp as high as 4.1 million seconds!!
•  An unmanned trip to Barnard’s Star (six light-

years away)!
•  Powered by a fusion pulse engine!
•  1.2 billion pound spacecraft, 1.1 million pounds of 

payload!
•  The “only practical problem” is that the engine 

requires helium-3, which must be obtained by 
mining the atmosphere of Jupiter.!
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Solar Sails!
•  A very large, very light, very 

reflective surface can be used to 
sail the solar wind.!

•  Currently used for attitude 
control on existing satellites!
–  you either use it or 

compensate for it.!
•  Very low thrust, but infinite Isp !
•  Not usable beyond Jupiter!
•  cannot be deployed below 600 

miles (air drag)!
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Schematic of Solar Sail “Tacking” to Gain Thrust!
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Space Tethers:  Pole Sat!
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Laser Power!

•  Laser on the ground, vaporizing material 
from the lower edge of the rocket to 
produce thrust.!

•  May provide a payload mass fraction of 
0.15!

•  Small Payloads, but continuous operation 
could lift 64,000 lbs per year!

•  theoretically $45 per pound!
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Laser Power (cont’d)!
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Chemical Mass Drivers!

•  Jules Verne, Earth to 
the Moon!

•  900 ft tunnel, filled 
with 200 ft of gun 
powder!

•  A slight problem with 
g forces, but the 
chickens loved it - at 
last they could fly.!
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HARP "
(High-Altitude Research Project)!

•  Gerald Bull tried to demonstrate achieving 
orbit with a rocket fired from a 16 inch 
Naval Gun!

•  100 pound payload to orbit for $50,000 
($500/lb)!

•  2,000 G’s!
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ElectroMagnetic Catapults!

•  Rail guns or Mass drivers!
•  linear electric motors!
•  Moon based system to make it cheaper to 

mine the moon!
–  20,000 tons of material to build it!
–  20,000,000 tons off of the moon at $0.50/pound!

•  1000 G?!
•  Similar concepts for Earth based systems!
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Anti-matter Propellants!

•  Production, cooling, and storage of the anti-
matter may be a problem.!

•  A 10-ton spacecraft could go to Barnard’s 
star with 25 KG of anti-matter!

•  It has actually been produced in linear 
accelerators (pico-grams) - just some 
engineering details to work out.!
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Indian Rope Trick!
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Put in an Elevator!
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Generate energy, when you aren’t launching!


