The 7t Mission Idea Contest Lecture Series
For Deep Space Science and Exploration

Hiroyuki Koizumi

, sociate Professor, The University of Tokyo

©NASA - CTO, Pale Blue Inc.

images-assets.nasa.gov/image/PIA22690/PIA22690~o0rig.jpg



Preface

-

©NASA

images-assets.nasa.gov/image/PIA22690/PIA22690~o0rig.jpg



CommentScreen

Anonymous comment app.

Freely input your question, comments, & impressions.

URL :

(check a chat)
https://commentscreen.co
m/comments?&id=IcjvccN

[aUTKK9g6bNgZh

Deep Space Exploration and Micropropulsion; Feb. 25% (202.1,)



_

. ROCKET

-
S .
-~ L

ELEMENTS

/A Ninth Edition

GEORGE P. SUTTON | OSCAR BIBLARZ

WILEY

SROPULSION |

by G.P. Sutton & O. Biblarz

Classical & popular
Old but new (9t Edition)

Not recommend Jpn ver.
(old and expensive)

There is Kindle ver



by C. D. Brown

Chemical propulsion

« Mono-propellant
« Bi-propellant

« Solid rocket

« Cold-gas
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Electric Propulsion

lon and Hall Thrusters
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Focusing on ion/Hall
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1 : Fundamentals

2: Chemical Propulsion
3: Electric Propulsion

4: Micropropulsion
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Velocityulncrement: AV

How to change the orbit
Adding velocity (acceleration)

ncrement: AV
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Nothing
You need to bring something to push
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Howadoes.a.rocket work?

Mass /A1 is released from a spacecraft
at a velocity U intime At

MSC Am
' )

Rel. velocity U

Impulse = Momentum increment
FAt = Amu

F _ m Uu : mass flow rate
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Engine

F1
RD-107
RD-264
SSME
LE/A

Vulcain2

SSRB
SRB-A
M-V-1

Launcher
Saturn V
Soyuz
Dnepr
Shuttle
H2A

Arian 5
Shuttle
H2A

M-V

Propellant

LOX/RP-1
LOX/RP-1

N204/UDMH

LOX/LH2
LOX/LH2
LOX/LH2
Composite
Composite

Composite

Ex Vel.
3.0 km/s
3.1 km/s
3.2 km/s
4.5 km/s
4.3 km/s
4.3 km/s
2.7 km/s
2.8 km/s
2.8 km/s

Thrust

/.7 MN
1.0 MN
4.5 MN
2.2 MN
1.1 MN
1.3 MN

13.8 MN

2.3 MN
2.4 MN



Exhaust,velocity is_ a key

100 —
. —u =2 km/s
g 10
S / u=4km/s
I / —u =10 km/s
Y
> / —u = 30 km/s
//
1 _fﬁ’I— | | | | | | | |

0 5 10 15 20
Velocity increment, AV/km
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Propulsion..=.Energy converter

(Any — Kinetic energy)

&/ Chemical propulsion

Chemical E — Kinetic E
Exhaust velocity : 1 — 4 km/s

&/ Electric propulsion
Electric E — Kinetic E
Exhaust : 10 — 50 km/s
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1 : Fundamentals

2: Chemical Propulsion

3: Electric Propulsion

4: Micropropulsion

©NASA
images-assets.nasa.gov/image/PIA22690/PIA22690~o0rig.jpg



chemical,Propulsion,; Processes

Chemical energy

By combustion

Thermal energy \,,,|e theory

Kinetic energy
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chemical,Propulsion, Overview

HEER S > D \
Propellant tank Propellant feed Oow kX)L

rocket nozzle

A

il d=1 ——’3 o n
Oxidizer | 5 B EBEIRT
At ustion Super sonic flow

mber

Fuel ::3

_/

~

Solid, liquid, and/or gas
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Pressure.thrust

Pressure difference of the front and back sides
applies another thrust:

F=mu, + (pe — pa)Ae
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Effective,Exhaust Velocity

F =mu, + (pe - pa)Ae
---Actual "exhaust velocity” is not enough

Introducing a new velocity: Effective Exhaust Velocity

F
m

C
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Specific,lmpulse
F B FT B /|
mg mTg Mg

Igp =

“g" is just by custom.

C = glgy  (think about 10 times diff)

€9 ¢=4000mfs Iy, =408s
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Rocket,Nozzle,; Quasi-1D&Isotropic
i a

Throat
Po,Po, To

sub: 0) _
( )Inlet A(x): Cross section

Exit

"p — p(X) DenSIty (SUb: e)

u = u(x): Velocity
p = p(x): Pressure
T =T(x): Temperature

Flow parameters -
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Government Eqguations

Mass conservation <:> Unknowns ~
d(pud) =0 -Eq.(1) u = u(x)

p =p(x)
Momentum conservation p = p(x)
d(pu?d) = —Adp -Eq.(2 T =T(x)
(puA) p wEa(2) | ’
Energy conservation
1
c,dT + pd (E) = (0 —Eq.(3)
Equation of state
p = RpT Eq.(4)
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Rocket=nozzle_thrust

F=mu, + (pe — pa)Ae

y+1 ( y=1)
2y 2 \v-1 Do\ ¥
= A 11— (=] (+ (e — P)A
\
= AtpoCr
y+1 ( y=1)
L N
d Ny_l y+1 \ Po ) Po Do) At

C: : Thrust coefficient, #131%%%

Depending on the aperture ratio and gas type
Expressing the acceleration of the gas by the nozzle
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Exit,RPressure & Aperture Ratio

Mass conservation between throat and exit

R y+1
Y 2 \2(r-1)
AtpO RT, \y + 1 — peueAe
V ( y—1)
2 Y
< U, = —leTo<1_(&> >
N = )
1 1 ( y=1)
Ay ()’ + 1)V‘1 (pe)V y+1, (pe) v {
L re L "y1-— (&
Ae 2 Po \ Y — 1 \ Po )
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Lhrust.,Coefficient

2.0
_ y = 1.40

E—) | c - - (Hz, OZ)
o /\ Combustion P
o . /ambient P
é 1.0 —— N pO/pa=4
§ ] pO/pa =10
17 ! —p0/pa = 50
o 0.5 + —p0/pa = 10000
O

0.0 I | | | | | 1 1 | |

1 10
Aperture ratio, Ae/At
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Rocket Lhrust

F =mu, + (pe — pa)Ae
= AtpoCF
== ThC*CF
y+1
. _ Aebo RTy (V + 1)m
cC = e
m \ 14 2

c* : Characteristic velocity (c star), $FHRE —
LDepending on the temperature and gas type

Expressing the performance of combustion chamber/
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Characteristic exhaust velocity,

Charactecristic Velocity

c*/kms™-1

3.0

2.5

2.0

1.5

1.0

0.5

0.0

/ y = 1.40
-/ oo
/ // g== —M = 2 g/mol

/ M = 8 g/mol

&y < 1 |—M=12g/mol
X

/ ¢ X TO —M = 16 g/mol

0 1000 2000 3000 4000
Stagnation temerature, TO/K
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wS0lidgmotor, Structure

Propellant tank & Nozzle
Combustion chamber . A

A

tion Acceleration

igniter Ablation cooling
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g

—

Doublezbased.propellant

Nitroglycerin (NG, C5H<-(ONO,);) : Fuel&Oxidizer
—Liquid, Plasticizer, High reactivity, O rich

Nitrocellulose (NC, C;,H4(ONO,),0,) : Fuel&Oxidizer
—Solide, Binder, Stable, F rich

Composite

Double-based
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composite,.Propellant

' Oxdzr : Ammonium perchlorate (AP) , etc

Fuel : Polymer, Binder, Polyvinyl Chloride (PVC) ,
Hydroxyl-terminated polybutadiene (HTPB) ,
Powdered metal (Al)

Composite

d1

Double-based
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Combustion structure (DB)

e Typical
Solid propellant - Heat tran temperature
<: profile
o ’
Burning surface «—— ration

(melting, decomposing,

vaporizing) mical reaction)

Combustion gas

Heat conduction

~
7

tion

X T Dark
zone
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Burning,Rate.and Burning Area

Gas exhausted from the nozzle

Balance
. AR
me = o m; = my
Gas generated by combustion @ A
. b
mp = ppApT P. = p,rc* —
A
a r
M 7. Burning rate (e.g. cm/s)
, jl>mt Ay : Burning area
Pb /\( Pp,: Solid propellant density
Deep Space L. @tion and Micropropulsion; Feb. 25t (2021,




Liguid.Engine, Structure

tALE| S >
Oxidizer tank

oo =)L X)L
Injector —
%
@Q.ﬂ:.ﬁu — de Lavar nozzle
Oxidizer
A —RR> :} _ BE IR
S AT bustion Super sonic flow
Turbopump ’3
R s system .
AR | B4R
Fuel <~ Regenerative cooling
|
PV =

Propellant tank
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Oxidizer

Oxygen (02)
Boiling point 90 K— specific gravity 1.14
LOX: Liquid Oxygen
The most popular as oxidizer

Nitrogen tetroxide, NTO (N204) = MON
Boiling point 294 K— specific gravity 1.45
Popular by good storability

Hydrogen peroxide (H202)
Can be reacted using a catalyst

Red fuming nitric acid (RFNA: HNO3+NO0O2(5-20%))
Higher E than HNO3. High toxicity

Deep Space Exploration and Micropropulsion; Feb. 25% (202.1,)



Guel

Hydrogen (H2)

Boiling point 20 K—Specific G 0.07 (low density)
Flammable in air
Low molecular mass, and high Isp

Hydrocarbon-based fuel (Kerosene, RP-1)

RP-1: highly refined for rocket engine
Boiling point 500 K, SG 0.81 (289K)
Good availability and good handling ability

Hydrazine (N2H4: CH1.97) , MMH, UDMH

Boiling point 387 K, SG 1.02 (293K) Monometny hydrazine

UDMH: unsymmetrical

Toxic, spontaneous combustion in air dimethylhydrazine

Reaction using a catalyst (mono-propellant)
Deep Space Exploration and Micropropulsion; Feb. 25% (202.1,)



CaRropulsion,of Space Probes

Fuel Oxd. # Thrust/N
Bepicolombo (MPO) MMH N204 8 5 & 22
Hayabusal/2 Hydrazine N204 8 20
HIEIS €118l Hydrazine N204 13 4.4 & 600
Surveyor
Galileo MMH N204 13 10 & 400
Shuttle RCS VIMH N204 44 110 & 3870
Viking Orbiter MMH N204 1 1330
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Liguid.Engine, Structure

tALE| S >
Oxidizer tank

i =)Vl J X)L
Injector -~
T
Xilaizer
3 ABE=E BE R
bustion  gyper sonic flow
’3 amber
Ay | BHESAD
Fuel Regenerative cooling i
|
AR5~ 7 =

Propellant tank
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Blow.Down,Feed System

High pressure gas
Inside the tanks
<
Pressure change
By the gas usage

X X g

ﬁ Change of the flow rate
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GasgRPressure.Regulator System

1 A

Gas

Pressure regulator

Reducing the input pressure of a
fluid to a desired value at its output.

AT
Setting
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\
|
1
1

> e.g. Gas generator Cycle

Engine,Cycle System
1 L

){Jel Qxd.
_ /P
gas

/P\
/ T \«|gene.

______-___~
R

W
-

Pump and Turbine

|
1
\

;y
1
[

Turbopump

. €

v

2K
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High P liquid High T, High P gas

to a combustor rote the turbine

~ Turbine

| j\--- Turbine rotates

the shaft

oM\ 0
\,O‘N.g'
\\q\)\ Pu m ©The University of Tokyo
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coldsgas,Jet_Lhruster

Gas

The simplest thruster

X
—
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wmColdzgas,Jet Lhruster
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1 : Fundamentals

2: Chemical Propulsion

3 . Electric Propulsion

4: Micropropulsion
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CP (Chemical E — Kinetic E)

H,+0 = H,0+241 kJ/mol

Y

1ég
1 s =E
2

U, =5Km/s

Mass & energy are coupled — Velocity limit
Actual limit: about 4.5 km/s



EP (Electrical E — Kinetic E)

Energy

Arbitrarily

Propellant



Exhaust velocity can be increased
by electric propulsion

Possible:
Over 90% payload for AV=10 km/s

(e.g. 100 km/s propulsion for Jupiter)



But, it's not an all-rounder

Small thrust (~ 0.1 N)

Long operation time (~ 1 year)



By solar array panel
(limited)

L.
animue

Energy conversion eff.



By solar array panel
(limited)

1 1

nP = —1mus = =Fu,

2 2

Constant
Energy conversion eff.



By solar array panel
(limited)

1 1

7’]PT — EFueT — EMSCAvue

Energy conversion eff.

Operation time



Qsmfligher.ex.. velocity, better?

A :NO

Why ?
If the available power is limited,
the operation time is too long.

Deep Space Exploration and Micropropulsion; Feb. 25t (202.1,)



AV = 13 km/s

expl— | —1
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AV = 13 km/s
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By solar array panel
(limited)

1 1

7’]PT — EFueT — EMSCAvue

Energy conversion eff.

Operation time



MPLD = 1000 kg

FEP = 10 mN
PEP = 10 kW .
U. = 1000 km/s Mep = 10 1g/S
€ MEP =13 kg
Nep = 50 %

Trp = 41 year



MPLD = 1000 kg

FEP = 0.3 N
PEP =10 kW .
0 — 301k mgp = 10 mg/s
€ m/S MEP = 542 kg
Nep = 50 %

Trp = 1.5 year



MPLD = 1000 kg

FEP — 1 N
PEP = 1000 W .
€ m/S MEP = 2670 kg
Nep = 50 %

Trp = 0.8 year



MPLD = 1000 kg
By CP
U. = 2.5 km/s

Operation time: 10 min.

Flying time: 2-6 years



Qsmiligher.ex. velocity, better?

A :NO

Why ?

Even if you increase the power to
shorten the operation time,
Solar array mass increases more than
the propellant reduction.

Deep Space Exploration and Micropropulsion; Feb. 25% (202.1,)



MPLD = 1000 kg

FEP = 0.3 N
PEP =10 kW .
0 — 301k mgp = 10 mg/s
€ m/S MEP = 542 kg
Nep = 50 %

Trp = 1.5 year



MPLD = 1000 kg

FEP — 03 N
PEP = 300 kW .
€ m/S MEP =13 kg
Nep = 50 %

Trp = 1.4 year



Solar array mass : 30-50 W/kg
100 kW & 3000 kg
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MPLD = 1000 kg

FEP — 03 N
PEP = 300 kW .
€ m/S MEP =13 kg
Nep = 50 %

Tgp = 1.4 year

MSAP — 9,900 kg



Optimum,exhaust_velocity

: 2
Thrust Efficiency 5, = mp;Fp)Ve

S

P.: Available Power

Specific power of solar cell panels
C7='Ds/rnpanel (W/kg)

'3= mpanel /Ps (kg/W)
Typical B=0.05 kg/W

Propellant consumption rate
Morop = Morop /7 : Transfer Time

Deep Space Exploration and Micropropulsion; Feb. 25t (202.1,)



Optimum,exhaust_velocity

mpay —1- IBPS _ mprop
m; m; m; 1
0. 10 AVIV,=0.05
m ' ~ B 0.1 N
-1 L 08 | L
M { Myrop? .- / | ,&\ \\ \
W\AN VK o Aes NN
=1- 1—exp£ ] e +1J 5 06 /7 ‘\ \ \
o VAV AN
—AV 2 —AV Fo4 // A —-\\ \ |
B “on 2|10 03 LA /L 11/ \ |\ \
Ve 277th’z- \ Ve . / // | {7 \ \
N NN
Veopt Vo = T/ B '0 / /// \
0.1 1 10
Ve opt & 10km/s for 30 days, 33km/s for 1 year. Ve/Vo

Payload ratio and exhaust velocity
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Optimum,exhaust_velocity

1

06 _AV/V,=0.05
. " i 0.1 N
08 /// ol — \\\ \\
0.7 / NN
' // 0.3 \ \
% 0.6 // v N \\ \
%05 // \\ \
>04 / / / o5 | NN
a Y / / )e \ |
03 LA A |1/ \_| \ \
0.2 / / // P \07 \ \
Nyaved \
Propellant is '0 v \ \ Power sources are
too heavy ot . 1o OO heavy |
due too low velocity. Ve/\o due too high velocity

Payload ratio and exhaust velocity
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wsCategory.of EP

ETA: Eletrothermal Acceleration

Electric energy Thermal E r Kinetic energy

Joule heat Nozzle

ESA: Electrostatic Acceleration

Electric energy Kinetic energy

Electrostatic force (Coulomb force)

EMA: Electromagnetic Acceleration

Electric energy Kinetic energy

Electromagnetic force (Lorentz force)

Deep Space Exploration and Micropropulsion; Feb.|25-fh (i202-1,),




ERP.Lhrusters

—
/ oo v oo
—
—
Electrospray thruster g8 20 km/s
<—
\—

Magnetic nozzle thruster
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Resistojet, thruster

Application: many

Working fluid: hot gas

W.F. generation: resistive heating
Acceleration: nozzle

Exhaust velocity (typical): 1 - 5 km/s
Power (typical): 10 W - 2 kW

::(:s% Nozzle acceleration

Deep Space Exploration and Micropropulsion; Feb. 25t (202.1,)



Arcjetthruster

Application: many

Working fluid: plasma

W.F. generation: arc discharge
Acceleration: nozzle

Exhaust velocity (typical): 5 - 10 km/s

P ical): 1 — 2 kW
ower (typical) Arc discharge

D,

Nozzle acceleration

Deep Space Exploration and Micropropulsion; Feb. 25t (202.1,)



Gridded.ion.thruster

Application: many

Working fluid: plasma

W.F. generation: DC-discharge, RF, microwave
Acceleration: Electrostatic, 1 kV

Exhaust velocity (typical): 30 km/s

Power (typical): 0.5 - 2.0 kW

Plasma Acceleration
|

°
o,
OOO.O.I IO >
— o Oe

0e °

2
Deep Space Explora 8 /\cy



Hall,effect . thruster

Application: many

Working fluid: plasma

W.F. generation: DC-discharge
Acceleration: Electrostatic, 300 V
Exhaust velocity (typical): 15 km/s
Power (typical): 0.5 - 2.0 kW

Deep Space Exploration and Micropropulsion; Feb. 25t (202.1,)



Eield,emission_electric propulsion

Application: 20 in space

Working fluid: ionized liquid metal
W.F. generation: field emission
Acceleration: Electrostatic, 10 kV

Exhaust velocity (typical): 50 km/s
Power (typical): 40 W

Deep Space Exploration and Micropropulsion; Feb. 25t (202.1,)



Electrospraythruster

Application: a few demonstrations

Working fluid: ionized/droplet ionic liquid
W.F. generation: field emission/Tayler-cone
Acceleration: electrostatic, 1-3 kV

Exhaust velocity (typical): 10-20 km/s
Power (typical): 5 W

Deep Space Exploration and Micropropulsion; Feb. 25t (202.1,)



Pulsed,plasma_thruster

Application: several demonstrations

Working fluid: plasma

W.F. generation: pulsed arc discharge

Acceleration: electromagnetic/electrothermal, 1-3 kV

Exhaust velocity (typical): 5-20 km/s
Power (typical): 10 W

Spark plug
Current \Electrode
_ € === =
/ ., 54 Plasma
- Q¥
: @m PTFE [ AN
Gapacitor . Dlsf%rge
N o Spring 7
=== - - i i

L Electromagnetic
Deep Space Ablated gas force



1: Fundamentals
2: Chemical Propulsion

3: Electric Propulsion

4: Micropropulsion
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What is micropropulsion?

Just Small

r’ dlfﬂcultles In miniaturization of

,,.' ‘ %. The performance becomes lower
: /, f”? ture, unavoidable). If you are a

- deve oper it’s a big challenge, but if you are a

User, what you do is to select the suitable one.

©NASA
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1: Fundamentals
2: Chemical Propulsion

3: Electric Propulsion

4: Micropropulsion

4.A: Key words

4.B: How to choose?
4.C: Recent trend
4.D: Pickup




1.Different roles

I. High specific impulse
II. Multiaxis thrust

III. High thrust

Orbit transfer

Drag
compensation

Unloading
Rendezvous

Insertion
Escaping

Landing

Emergency



Miniaturization as system
Still small-satellites have little resource

2.Unified propulsion

PROCYON: ArgoMoon:
Ion thruster Green-mono
Cold-gas thruster Cold-gas thruster

By gas-sharing By plenum-gas usage



vs. Regulation

vs. Safety review




Are there many choices?

Yes, too many

Some are really good thrusters.
Some are different from the data sheet.
Some may not work at all--



Which should»wyou choose?

Enough information?

v NOIil, only performance, butsprinciple, photo,
dimensions, etc. are important.

v_ Is that principle feasible?

v Was it measured? How?

v' Do they publish it at conferences/journals?



The best place to,check thestrend of

-Small. Satellite-Confet

-~

R, v More i'ﬂdUStI‘YS%‘dE‘ \Fath‘er'"t“han\acadenﬁic
. ¥ SiNgle-session presentation & huge exhibition
v > Severe selection = good index
v’ S5C2020 was online




Propulsion topics at SSC-2019/2020

Electric
Green mono- propulsion
propellant thruster X3
X2
Gy
X2

X2



Propulsion topics at SSC-2019/2020

/ Hi
v High thrust v gg%gtév
v Safety Electric
Green mono- propulsion
propellant thruster X3

X2

v High thrust v High reliability

v Safety v Safety
Hybrid Cold-
ks

X2 D



Different ability by different type

/ Hi
v High thrust EP v g;%gtév
v Safety

v High thrust CP T .

v Safety . High reliability

w/ reaction v >2eY

No reaction



“Safety” is the KEY

v High thrust
v Safety

Green mono-
propellant thruster

v High thrust
v’ Safety

Hybrid
thruster

v High AV
v Safety
Electric

propulsion

v High reliability
v Safety

Cold-gas
thruster



Degree of “Safety” is different

» AF-M315E = NH;OHNO;, etc

v’ Safety
4 Safety Electric > Water
Green mono- propulsion > Teflon
propellant thruster > Indium
v Safety v Safei
Hybrid Cold-gas
thruster thruster
» ABS + Gas O, > Indium

» ABS + O,/N,0 > Pressurized gas



MarCO

has a multiaxis-thruster system using cold-gas (R134a).

Cold-gas thruster module (2U)
by Vacco for MarCO




FEEP

By ENPULSION

 Indium
« 0.9 kg, 40 W, 5000 Ns, 0.35 mN, 2000 s

« Operation in 2018 April !!

ENPULSION NANO
Image courtesy of ENPULSION®©, All rights reserved.



https://www.enpulsion.com/order/enpulsion-nano/

Iodine ion thruster: BIT-3

By Busek Co. Inc.
« jodine
« 3.0 kg, 80 W, 40000 Ns, 1.24 mN 2600 <

« Planned in 2019 by SLS-EM1
-

N~
-

\/

\/

N
J
P

-

lodine propellant tank (1.5kg,

1.6U ultra-lightweight e
exapandable) with integrated valve

structural chassis 180mm

1.6U ultra-

lightweight
X structural
‘\_ ’ chassis

| 2-axis
' gimbal
| (optional

RF ion thruster lon beam neutralizer

(C) BUSEK



Water Unified Propulsion

By Pale Blue Inc.
« Water ion thruster & Water Resistojet thruster

« Size 90x90x123 mm3, <2.2 kg, Water < 0.3 kg
« IT: 300 uN, 600 s, T: 1 mN, 70 s x4
« Planned in 2022 by JAXA Innovative Program-3

e o

. Water resistojet thrusters

Water propulsion system
Size <90 x 90 x 123 mm?3
Mass < 2.2 kg (wet) & < 0.3 kg (water)

Mode lon thruster Resistojet
Head # 1 4
Power <30W <5W
Thrust 300 uN 1 mN

Isp 600 s 70 s

®/
"
Water ion thruster
", Neutralizer

lon beam source

Image courtesy of Pale Blue Inc.©, All rights reserved.



Size Total Impulse Power
Thruster name U Ns W

Aerospace MEMS Ji NA
U of Texas Custom 56 2
SFL CNAPS 106 4
MIT SIEPS . 116 2
Busek BET-100 ‘ . 175 6
L I 8 6
Busek presistojet . 540 T
Busek (PPT W . 252 2
GW U (CAT 0. 570 10
Vacco MarCO prop. 155 15
814 30
CUA/Vacco CHIPS 577 A
Hyperion PM 200 920 6
AerojetRD MPS-130 1 1200 17
TethersU HYDRO S-C r 2150 20
Phase Four RFT -, 2200 100
Enpulsion IFM Nano T 1. 5000 40
Unified I 5100 47
Uof Tokyo —\oter I ' 870 19
Busek BIT-3 r 20600 56




Size N Propellant Thrust
Thruster name
U - - mN
Aerospace MEMS 0.18F 5 HFC236fa r 100.0
U of Texas Custom 0.40|] 1 HFC236fa . 110.0
SFL CNAPS 1.58[4 SFe I 50.0
MIT SIEPS 0.20” 1 EM I-BF, 0.1
Busek BET-100 *‘ 0.40|] 1 EM I-Im 0.1
I 4 0.5
Busek isto jet 4.00L_ A i
use uresisto je |] 1 mmonia 50
Busek (PPT 1 0.50|] 1 PTFE 0.5
GW U (CAT 0.20 n4 N icke 0.0
Vacco MarCO prop. 1508 8 HFC236fa [ 25.0
1 | 30.0
CUA/Vacco CHIPS 1.60|]__ R134a [
[4 D 18.0
Hyperion PM 200 1 1.00|] 1 Propane/N,0 _ 500.0
AerojetRD MPS-130 1 1.00[4 AF-M 315E 1.3
Tethers U HYDRO S-C -~ 200 1 W ater 1.2
Phase Four RFT - 1.00] 1 Xenon 5.2
Enpulsion IFM Nano T - 1.00] 1 Ind ium 0.4
Unified B 1 0.3
U of Tok 3.00L W at
ot TOoKYO Wwater [4 ater 3.9
Busek BIT-3 r1.60|] 1 lod ine 0.7




Size N Propellant GHS NFPA
Thruster name U _ _ " B R Y

Aerospace MEMS 0.18F b HFC236fa 4,7 [ 0 1

U of Texas Custom 0.40|] 1 HFC236fa 4,7 [ 0 1

SFL CNAPS 1.58[4 SF 4 .: 0 0

M IT SIEPS 0.20” 1 EM I-BF, 7 . 1 0

Busek BET-100 O.40|] 1 EM I-Im 6 .: 1 0

y 1

Busek presistojet 4.OO|]L1_ Ammonia 4.5 7,9 I 0 0

Busek (PPT 0.50|] 1 PTFE NC n 0 0

GW U (CAT 0.20']4 N icke 2,7,8 r 1 0

Vacco MarCO prop. 1508 HFC236fa 4,7 [* 0 1
1

CUA/Vacco CHIPS 1.60”iT R134a 4 1 0

Hyperion PM 200 1.00|] 1 Propane/N,0 2,3, 4 .: i 0

AerojetRD MPS-130 1.00[4 AF-M 315E 1,6,7,8 LO 0

Tethers U HYDRO S-C 2.00[] 1 W ater NC 0 0 0

Phase Four RFT 1.000 1 Xenon 4 0 0 0

Enpulsion IFM Nano T 1.00] 1 Ind ium 8 .: 0 0
Unified 1

Uof Tokyo ' ° 300L W ater NG 0 0 0
Wwater [4

Busek BIT-3 1.60|] 1 lodine 5,6,7,9 rO 0
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