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PPT
Collaboration with Uo Tokyo and RIAME + Kurtschatov Institute
Harware-in-the-loop set-up for ADD-SIME'LEX/ PETRUS
Pulsed Electrothermal Thruster 3 yearsspfdgram (ESA NPI in context of CAPE)

Inter laboratory comparison betwee nd IRS (procurement of balance and Mini
PPT)

Arcjets _‘
e Arcjets TALOS and VELARC within co lon with Airbus D & S
e = ESA Standardization project “Electrostatic probes” (Arcjet as reference)

e IRAS: Application of advanced manufacturing processes to further improve arcjets
(DLR/IRS)

AF-MPD
e AF MPD (ESA TRP in coop. with Alta, quasi finalized)
e AF MPD numerical simulation (DAAD)
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IEC

e [EC experimental investigation in coop. with ESA-ACT (numerical investigation) and
Airbus D & S

e NEAT (linear IEC thruster) in cooperati with Gradel (ESA-Luxinno)
TIHTUS
e Numerical Analysis and experimen

e TIHTUS Alternative Propellants (U

ABEP |
e DISCOVERER: WP4 as main task of IRS > Atmosphere-Breathing Electric Propulsion

Water-based propulsion
e Secondary EP system developed within cooperation with Airbus D & S
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Electric Propulsion at IRS:
Development of
*Thrusters and

* propulsion systems

ni-stuttgart.de

High power EP (50 kW up to MW)
Low power EP (50W up to some 10kW) (Transport of large payloads)
(Satellites and Exploration) | - thermal arcjet thrusters

* Thermal arcjet thrusters * Self-field MPD thrusters

* PPT (iMPD) thermal arcjet ATOS in . Hybrid thruster TIHTUS
» Applied-field MPD thrusters 4 operation (NH,) e

—

i

IRS AF-MPD SX3 in operation (Ar)
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Electric Propulsion at IRS:
Development of

*Thrusters and pased propulsion
* propulsion systems .

IEC

Secondary electric propulsion 74
* Electrolyzer '
* 1 N catalytic thruster

» Green propellant : UUﬂ"’lHBHJ

Star Mode, Ar

- Small satellites

- www.uni-stuttgart.de

| ABEP Mini PPT
“Tight* Jet Mode, He * Intake verlflcatlon e PETRUS
* Intake design e Thermal PPT
* Inductive thruster as e Reliable, robust, cheap, ...
reference - CubeSat application
Flight Direction
Atmosphere
..................... E ‘
Sl e E e ;* RF Power
s _— ; ] Supply
Flow Direction Intake
Solar Array DSMC simulation of adapted
intake geometry
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K - Diagnostics for EP Developement

O

©

- Probe-type Value measured

Heat Flux Probe heat flux

wid

'5 Pitot Probe total pressure

0 wadge type probe
¥ Mass Spectrometer Probe plasma composition

§ Wedge Type Probe static pressure, Mach number _ — Emission spectroscopy
[} 5-; 0,01 - 0. fmber Sp-6e

§ Enthalpy Probe enthalpy § . e b xe&"fe'f:’;,, e

: e | o= P |
~| Electrostatic Probes T, T,v,n, .. §m \ ’
i

gser-induced fluorescence 0,00001

!" "JI sp eCtroscopy ! 0 o “ dsveeﬂenlange [rmﬁm 550 800 540
: Method Measured quantity
Emission Spectroscopy (EMS) Texs Trots Tvibs Tes Nes (Npjasma ?)
F Laser-Induced Fluorescence (LIF) Trots (Tyib)s Tes Nes Npjasma s VPlasma
4 Thompson Scattering ng, T,
Fabry-Perot Interferometry (FPI) Ttrans » Velasma

Laser Absorption Spectroscopy (LAS) Npiasmas TTrans » VPlasma
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Numerical Codes for EP Developement

URANUS (ATD)

SAMSA (ATD/EP)

SINA / ARCHE
(ATD/EP)

PICLas (EP presently)

Navier-Stokes

particle method

continuum flow, thermal and chemical non-equilibrium

rarefied plasmas, strong non-
equilibrium

re-entry

SF and AF MPD , magnetic
probes

TLT, IPG, PWK

PPT, lon thruster,...

2D rotational symm. / 3D

2D rotational symmetric

3D

fully implicit

explicit

fully coupled

loosely, iteratively coupled

structured multiblock grids

unstructured, adaptive grids

structured multiblock grids

unstructured grids

Presently mono- and

Air, CO, Ar, air, CO, air, N,, H, diatomic species
PARADE/HERTA gas- HERTA gas-radiation
radiation coupling coupling
gaskinetic gas-surface changeable chemical
interaction model with modules
catalytic reaction schemes.
CVCV mult. temperature
gas-phase model
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INSTITUT FUR RAUMFAHRTSYSTEME
www.irs.uni-stuttgart.de

RS

Universitat Stuttgart

"y

Performance Overview of PPTs at IRS

S
L ADD SIMP-LEX PET PETRA PETRUS 2.0
Type iIMPD Electro thermal Electro thermal Electro thermal / iMPD
.= Design Parallel plate. coaxial coaxial coaxial
=] Geometry 370 x 240 x 120 mm @ 32 x 55 mm D17 x 29.1 mm @12 x 50 mm
) Mass 6.5 kg 489 g 180.72 g < 500 g (incl. PPU)
= Propellant PTEE PIEE PTFE PIEE
=1 Propellant mass  Up to 43 kg 49 1.825¢g 3.79
- Capacitance 80 uF 1.5 uF 1.36 pF 4 uF
4 Charge voltage 1300 V 2500 V 2000 V 1600 V
| Energy 67.6 J 3J 272 512 J
Pulse frequency 1 Hz 1Hz 1 Hz 0.25 - 1Hz
Mbit 53.38 g 43.4 ug 47.76 ug 2.1 g (theor.)
L Ibit 1373 uUNs 61.7 uNs 72 uNs 26.5 uUNs (theor.)
) Number of pulses More than 2 mio. 100000 38211 (theor.) 1761900 (theor.)
- Isp <2718 s 140 s 154 s (theor.) <1282 s (theor.)
. Thrust per pulse  1.373 mN 0.0617 mN 0.072 mN 0.0265 mN (theor.)
/‘, Power ~70 W <4W <4 W 5-8W

Insulation

Electrodes PTFE Feed

Program Overview IRS Thrusters Tools PPT AF MPD Arcjets IEC
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Breadboard of Front view: 2 Jand 5.12 ]
PETRUS 2.0

W

_ W

" Cathode
Igniter |
L s PTFE
|—‘-A,
’ ‘ Venting |
} slit Casing T
4
n n Propellan
Side view: 2 J and 5.12 ] Isom. view: 5.12 ] indzr Anoge
Final design of PETRUS 2.0
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Steady State AF-MPD SX3 Thruster (100 kW class)

= ,'_7__0!4.
i - g o

‘WwWW.uni-stuttgart.de

AF-MPDT

High Temperature Anode Gas Cathode
Insulators (WT20)

Insulators

= Js(Hall)

. /A

Water Cooling_l — | Anode (Cu)

- Cost efficient laboratory model
- Applied field up to 400 mT, arc current up to 1kA
* Anode + cathode gas injection (argon)
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100 mT 400 mT
700 A 690 A
60+60 mg/s 60+60 mg/s
Argon Argon
62 kW 115 kW
88 V 166 V
4.0 ‘ 4.0
SX Coil 400 mT, ~ 0.3 Pa ' SX Coil 400 mT, ~ 0.3 Pa
35 o 3.51 Q
O OO\
3.0} : 06;0 3.0 o0 &5 O%%Cp
z o)
~ 2.5 o o Z 2.5f
I3 © & o° =
2 207 o0& o o 9 2.0}
= @(ﬁ Oo o = OO O
F 1.5} o o o = 1.5f ‘
Oﬁ&@ ng - 0O o
1.0} o o o 1.0 %3
8.5 SX3 86-12 BN18, BN7, BN3 Q.2 sx3 86-12 BN18, BN7, BN3
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 10 20 30 40 50 60 70
Specific Impulse,, s Thrust Efficiency, %
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q. Inertial Electrostatic Confinement: Plasma Extraction Modes

IEC Configuration: ght jet @ 0.5 Pa
* Longitude: 8 wires, Latitude: 5 wires

D :5cm, D :15cm 1T

cathode * anode *

Tight jet mode:

1. High energy electron beam (EB) o A
2. Confined jet contour
3.

Lower current value (1 ~ 50 mA) Spray jeCEEat

-~ www.uni-stuttgart.de

Spray jet mode:

N/

1. Diffused lon plume

2. Higher current value (> 50 mA) Voltage: ~2.4 kV
3. High luminosity from core region Current: ~100 mA
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f'! Potential Thruster Concept and Application
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Accelerating &

IEC ABEP Concept
Neutralizing Circuit

Particle Intake (TBC)

IEC lon Thruster Concept

T

Anode

IEC HET Concept

Grid Cathode
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i Inertial Electrostatic Confinement: Application Vision

IEC Plasma Thruster Concept:
 Communication satellite
* GPS Navigation

IEC ABEP Concept: * Astronomy

* Planet observation
* Space experiment

IEC Fusion Concept:
* Inter-planet traveling
» Deep-space exploration
* Manned mission

www.uni-stuttgart.de

-

MEO HEO & beyond
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Tom caugp s

Q

"

=

® l =

I_ Gas Supply I
2 | = Induction Coil
» ~ Discharge Tube
c — Anode

:E — Gas Supply |
S

3

3

I_ Cathode
i

[Bohrk 2007]
Stage 1: Stage 2:
Arcjet Inductive Plasma Generator (IPG3)
I . @ ®COI| .
[} 1
1 1
[} 1
1 1
[} 1
Cathode TPy T : .............. : o
, Plasma Plume of  Plasma Plume of
. Arcjet ' Hybrid
Initial Gas Nozzle - Discharge Tube | Plasma Generator
Suppy ! 5 0 O
Additional Gas
Supply
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"8 SINA - Simulation of plasma flows with discharges
% Sequential Iterative Non-equilibrium Algorithm / Sequentieller Iterativer Nichtgleichgewichts-Algorithmus
1< | SINA:
=) | 2Viscous plasma flows in chemical and thermial Anwendungen:
= Nonequilibrium under consideration of discharges _

v - Atmospheric Entry
L .
3 ' Total iteration | * Erde (N,/O,), Mars (CO,), Jupiter
§ | | 1 (H,/He)
S Navier-Stokes « Electric propulsion / Plasma wind
— | tunnels
Chemistry . . .
Ny &ttonal eneroy ove- TLT, IPG, MPD (in Entwicklung)
| Electron energy « Two-phase flows
— | .
E Discharge : » Plasma coating
e « Atmospheric Entry incl. Dust
I - R particles (e.g. Mars)
Radiation Particles
Atmospheric Entr_)f_
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Development of TIHTUS

(exp.) Geometric
optimization, (num.)
Simulation
> +
Efficiency increase,
Improvement of

understanding
DF

(exp.)
Alternative Propellants
9
Systemic Synergies:
2nd stage operation with
wastes (LSS), ISRU

Deutsche
Forschungsgemeinschaft

THE SIR ROSS & SIR KEITH SMITH FUND
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Summary

(]
"
t - - -
Promising candidates:
2
P - PPT
S - AFMPD
3 « IEC
3
3
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Low drag, atomic
oxygen resistant

Aerodynamic attitude

materials and orbit control

Very Low Earth Orbit
IRS Main Satellite Concepts

Task

Atmosphere-breathing = Combined system and

electric propulsion business models
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Atmosphere-Breathing Electric Propulsion (ABEP)

« Use of residual atmosphere as propellant for an electric thruster;
« Intake collects the atmosphere molecules and feeds the thruster;

« Thruster process and expel them through a nozzle to generate thrust.

* ¢ et e 0 s e RF Power
e e Supply

Program Overview IRS Thrusters Tools PPT AF MPD Arcjets IEC ABEP TIHTUS 22



4

RS |nstitute of Space Systems

IRS is responsible to develop IPT and intake

IPT:

« Based on IPG6-S;

» Passively cooled;

« Optimized for ABEP related mass flow;

« Optimized for input power 0.5 to 5.5 kW.

« Intake:
« Based on verified DSMC in-house code;
 Analytical tool available;
» Molecular trapping;
« Optimized for IPT.

DSMC simulation of adapted intake geometry
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