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AA 284a Advanced Rocket Propulsion
Electric Propulsion Fundamentals

« Chemical systems are capable of delivering very high thrust forces, but the
energy storage capability in the chemical bonds limits the maximum exhaust
velocity, thus the Isp.

« Concept has been discovered by pioneers: Tsiolkovski, Goddard, Oberth.
* First demonstrated by Vladimir Glusko, USSR
« Electric propulsion systems require large power source which limits their use.
« Commonly used in applications requiring very high Isp’s, but low thrust
densities.
— Satellite propulsion
— Interplanetary missions
« Very low thrust, heavy power supply leads to very low acceleration (10-4-10-°
g’'s): influences flight strategy- spiral trajectory
« Three general kinds:

— Electrothermal: Use electric energy to thermalize the propellant (Isp limited by order
of speed of sound)

— Electrostatic: Use electric fields to accelerate ionized propellant (speed of light)
— Electromagnetic: Use electromagnetic fields to accelerate plasma propellant (speed
of light)
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AA 284a Advanced Rocket Propulsion
Electric Propulsion — Common Types

Common Power Range, W | Thrust Range, Typical
Propellants mN Efficiency, %

Electrothermal
500-1500
300-100,000

N2H2, NH3
IEEREE  N2H2, H2

~300
500-2,000

100-500
200-2,000

80
35

Electrostatic
lon | Xe 3,000 50-2500 10-200 70
'Hall Effect Xe 1,500-2000 1500-5000 80-200 50
Electromagnetic
Teflon 1,000 1-200 1-100 5
NG NH3, H2 2,000-5,000 1,000-4 106 1,000-2 106 25
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Electric Propulsion — Important Equations
« Electric Propulsion System Efficiency: n : Efficiency
— Conversion of electric energy to kinetic energy

P = Elecric Power

Ek n'ﬂze2 Tv, Tlspg, T* T :Thrust
=5 7%5p a2p By 1: Propellant Flow Rat
Pe 2P€ 2Pe zpe 2mpe m: Propelian ow Kate

v, : ExitVelocity

* Note that the effect of the exit pressure on the thrust force has been neglected.
This is accurate for most systems, but not all types including MPD, resistojets

« Basic Analysis: Required burn time - mission duration

T 2P
AV = :tb T = ¢ 77 —
M V, M : Averege Mass — Spacecraft
— Combine v,AV t, : Mission Time
I, = — . .
277(Pe/M) Av: DeltaV of Mission

— Specific power, P /M, is critical to limit mission time
— This analysis is only valid if the propellant mass is a small fraction of the initial mass
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Ml?
 Note that for a given initial mass to payload ratio there is an optimumAJ) / v,
There is an optimum Isp for a given system/mission for electric propulsion

Electric Propulsion — Important Equations
« Power Supply — Specific Power:
P o : Specific Power
o= M M .. = Mass Power Plant
pwr
* M,,, includes the mass of the power system, propellant feed system and the
engine itself
_i_ mve2 _ Mpmp vez
o 2na 2nt o M , : Payload Mass
« With the use of rocket eqn. Mprop : Propellant Mass
M. eAV/Ve
L= \ MM _+M __+M, .
1+ (l_eAV/ve )(vz/Zntb 0() p prop p

systems
—This is because increasing Isp increases power plant mass, but reduces propellant mass

—A balance which does not exist in a chemical rocket
%‘"\:’4 KOC UNIVERSITY
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AA 284a Advanced Rocket Propulsion
Electrothermal Systems

* Resistojet: AG or DC Power
— Resistively heat the propellant using a heat ‘
exchanger —=t |
— Simple, but low performance system Hydrogen. e

Decomposed Hydrazine

— Performance limited by the melting temperature of
a) Heater

of the heat exchanger.
— Isp better than monoprops and cold gas thrusters
— Mature technology

* Arcjet:
— Arc discharge heats the propellant Anode (+)

— Arcis generated by S aLisor \ R gl
Low DC voltage high current “Banea e, Shgmw[
High frequency high voltage s i
— Local heating and thermal losses limit efficiency

— Electron life limits life to about 1,500 hours

Hydrogen, Cathode (-)
Ammonia, or

b} Decomposed Hydrazine

— Mature technology

TN
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Electrostatic Systems
* lon Engine:

—_

F =le El+ ev, < B  Coulomb force

o . Xenon or

— Propellant is ionized Krypton [ Newiralizer

* Electron bombardment + T ———

+ Radiofrequency excitation i AT
— Accelerated using high electrostatic potential PR ol :
(~1 ’OOOV) IR

e R R I e

— Low density ion field (not a plasma) RN R AR R
— Plume is neutralized to prevent charge builtup Magnets

— High power requirement limits usage
— Mature technology

 Hall Effect Thruster

— Gridless electrostatic propulsion system

— External hallow cathode ring shaped anode: ~300 V
— Magnetic field spirals electrons ionizing the gas

— lons are accelerated by the electric potential

— First developed and extensively used by Russians

— Currently being used extensively in the Western world

— Optimum Isp in1,500 s, low voltage and moderate power consumption makes this a very
attractive option.

New Application: Orbit raising for GeoSats /7
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Electrostatic Systems — General Scaling
1/2 1/2
* lon velocity and Isp: v, :(ZL] Ispzi[zq—V) m. :lonMass
mion go mion
q:lonCharge
. om,
m — J on
q J : Current

Current mass flow rate relationship:
2m, V

]1/2

« Thrustrelationship T =mv, = J{
q
T o< ﬂmion/q [Sp R Q/mion

Propellant selection
In order to maximize thrust, one must use large MW and low ionic charge
1/2
AV ( V g )

« The mission duration can be estimated to be ¢, =
_ o (P/M)n\ 2m
* Note that P,=V J+ power for ionization e ton
* Reducing mission duration requires:
— Low values for voltage and ion charge to mass ratio
— High efficiency and specific power
S
v

-Stanford University
8

W2, xOC UNIVERSITY

Karabeyoglu



AA 284a Advanced Rocket Propulsion

Electromagnetic Systems 5 _ , 4 eV, X B | Lorentz force

* Pulse Plasma Thruster:

— Very simple system

— Solid propellant is formed into a plasma by
electric discharge

— Plasma is accelerated using electromagnetic
field

— Very low efficiency . Ve — S

— Pulsed mode operation

. Magnetoplasmadynamlc (MPD): S cuRFENT

~ STREAMUINES
Large current discharge applied between the two N T
electrodes ionizes the gas

— Self Induced MPD: Magnetic field is self induced

by the current PLASMAJET
— Applied field MPD: Magnetic field externally applied
— The plasma is accelerated by the Lorentz force .";.
— Large thrust force possible — requires very large : Pisncitis, S/
power levels, high Isp feasible NSULATNG ' MAGNETICFELD
. . GAS INJECTOR PLATE LINES
Cathode erosion is an issue
Stanford University % KOC UNIVERSITY
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Electric Propulsion Systems — Overall Performance

Regions of mission utility

177771 GEO N.S. Stationkeeping/

drag makeup
Orbit maneuvering/adjustment
STt seiainats i 1
1000.0 |- Solar power orbit transfer HH 3sisis
: i — MPDs

Nuclear power orbit transfer 32558 gr:;%?: to
5 : dynamic)
— 100-0 — == 4 s g8
2 Erofs T
3] Arc jets Sesseyssssstacs i
Q
= 4 —
g 5 { _— Hall
> 100 effect thrusters
& Resistojets

\; — lon engines

| 1 |
1.0 i | ‘.h i T
i i._'i||l“+
I |; | f‘ {l. ‘(. | L' )J.'.\ '| +— PPT (pulsed plasma thrusters)
0.1 I Iiill_;ﬂ'l' I I I:‘I” { | '

1100 500 1000
Specific impulse, sec

5000 10,000

Ref: “Sutton, “Rocket Propulsion Elements”
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