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Aerospace’s role in small satellites

* Technical advisors
« Support for government science, engineering, and technology development
» Serve as un-biased subject matter experts/knowledge base for “what’s out there”

* Laboratory capabilities

« Un-biased, third-party ground-testing capabilities — facilities specialized for small satellites
* Large vacuum facilities for direct thrust/performance characterization, plume diagnostics, life-testing, etc...
* Chemical handling facilities for materials compatibility, hot fire, ordnance....
* High-flow facilities, environmental testing

* Prototyping and Technology Development/Advancement Missions
» Aerospace’s Small Satellite department builds and flies AeroCube missions (~1-2 per year).

« Main motivation is technology development/TRL advancement — this is a non-profit effort, we do not produce at quantity and
we do not compete with the commercial sector

“Working to enable development of technologies that provide both immediate and long-term
support to military and intelligence space programs, the commercial sector, and the public good”
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Objectives and Scope

Primary Objective: Provide a survey of the field of small satellite propulsion systems

Scope
Any domestic or foreign propulsion system that fell within the following targeted propulsion technologies was identified and
reviewed as a credible option.

4 N

Targeted propulsion technologies:
» Generally suitable for Micro, Nano, Pico, or Cube-Satellites
« Power: Hundreds of watts or less, with emphasis on <100W
« Mass: Hundreds of kg or less, with emphasis on spacecraft <100kg
« TRL=22
- /

Useful definitions:

“Commercially available”, indicated by E = manufacturer speculates could be ready to be delivered within ~12 months.
e o

“Aerospace has tested”, indicated by @ = Aerospace has tested this thruster technology. The tested unit is not
necessarily a flight unit, but may be something similar, such as an engineering-model or qual-model. This does not equal an
endorsement, only that we have test data available.
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Designations for satellite names and corresponding mass for this work are defined:

Mass (kg) Power (W)

“Small-Satellite” <500 ~10,000 W

“Mini-Satellite” 100 to 500 ~5,000W
“Micro-Satellite” 10 to 100 ~1,000 W
“Nano-Satellite” 1to 10 ~100 W
“‘Pico-Satellite 01to1l ~10 W
“‘Femto-Satellite” <0.1 ~1'W
“‘Cube-Satellite™ ~2 Few to tens of W

Table 1: NASA satellite mass class definitions

* Traditionally, “Cube-Satellites”, or “CubeSats” are 10 cm x 10 cm x 10 cm, defined as 1 unit, or “1U”. Each U
weighs 1 kg, however, this weight definition has been extended up to approximately 2 kg/U in recent years.

Satellites that are multiple-units in size are measured in U. For example, a satellite that is 20 cm x 10 cm x 10
cm is 2U.

DISTRO A: Approved for public release. OTR-2024-00338



DISTRO A: Approved for public release. OTR-2024-00338

Caution!

Most data is self-reported by manufacturer. Hence, TRL levels are estimated to the best of our ability using the
manufacturer’'s data and available literature, with preference for public peer-reviewed journal publications and
professional conference proceedings.

If you know of additional technologies that should be included or see any errors, please contact:
Andrea Hsu [Andrea.G.Hsu@aero.org]

This document is a living survey and is intended to be updated as technologies evolve.
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Technology Readiness Level (TRL) definitions

» Adapted from Hargus (2019, 2016).

| TRL 7 ]

Proto-flight system has been demonstrated in an operational environment

» Protoflight hardware developed and flown
» Performance verification completed on orbit and compared to ground test results, results are published and archived

» Proto-flight anomalies traced to root cause and verified with ground tests

Continued...

[1] Hargus, W., Singleton, J., “Application of Technology Readiness Levels (TRLs) to Micro-Propulsion Systems,” 52"d AIAA/SAE/ASEE JPC, 2016.
[2] Hargus, W., “JANNAF Guidelines for the Application of Technology Readiness Levels (TRLs) to Micro-Propulsion Systems,” JANNAF Spacecraft Propulsion Subcommittee, JANNAF

2019. DISTRO A.
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Technology Readiness Level (TRL) definitions

» Adapted from Hargus (2019, 2016).
[ TRL 6 ]

Prototype (i.e. qualification model) successfully passed “proto-flight” ground tests.

+  “Proto-flight” tests represent a family of tests that lower risks to a customer-accepted level and may not be equivalent to a full-
suite of environmental testing as defined for larger, heritage spacecraft. It may include tests that are specific to a customer’s
defined mission. Test results have been documented/published.

« System demonstrated to be fully compatible with the anticipated space and launch environments, including relevant radiation,
thermal-vacuum, corona discharge, and launch vibrational levels

« Software interfaces fully identified, developed, and verified at prototype-level fidelity

« System lifetime is directly measured

« Recommended: Peer review to verify entry into TRL 6

| TRL 5 ]

System is reaching readiness for technical demonstration

* Thruster head design finalized as appropriate for flight

« Unit as finalized has been tested for nominal performance and lifetime

« All subsystem breadboard designs, including control interfaces to main spacecraft, at engineering model (EM)

« Entire system laboratory-verified in simulated flight environment, and ground test results are clearly documented
« System impact (thermal soak-back, EMI, plume contamination, etc.) on host spacecratft is quantified

[ TRL 4 ]

Focus shift from thruster head to overall system performance

* Representative thruster system is assembled from breadboard subsystems and includes (at a minimum) a thruster head,
propellant management subsystem, and rudimentary command and control.

« System requirements are formulated from a design reference mission (DRM)

+ System is demonstrated at breadboard level of fidelity in representative environment

» Thruster lifetime directly measured (with performance measurements at BoL and EoL) and significant portion of thruster head
lifetime demonstrated

» Ground test results clearly documented

Continued...

[1] Hargus, W., Singleton, J., “Application of Technology Readiness Levels (TRLs) to Micro-Propulsion Systems,” 52" AIAA/SAE/ASEE JPC, 2016.
[2] Hargus, W., “JANNAF Guidelines for the Application of Technology Readiness Levels (TRLs) to Micro-Propulsion Systems,” JANNAF Spacecraft Propulsion Subcommittee, JANNAF
2019. DISTRO A.
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TRL Definitions (cont.)

» Adapted from Hargus (2019, 2016).

Active research initiated

[1] Hargus, W., Singleton, J., “Application of Technology Readiness Levels (TRLs) to Micro-Propulsion Systems,” 52"d AIAA/SAE/ASEE JPC, 2016.
[2] Hargus, W., “JANNAF Guidelines for the Application of Technology Readiness Levels (TRLs) to Micro-Propulsion Systems,” JANNAF Spacecraft Propulsion Subcommittee, JANNAF

2019. DISTRO A.
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Executive Summary
2023 Outlook

Number of emerging propulsion technologies
identified as credible options with TRL 2 2

336

154 are considered commercially available Ch

— Cost datais very limited and depends on SmallSat mission
requirements

—  Commercially available # COTS. Understood to be deliverable within
approx. 1 yr.

195 are domestic, followed closely Europeans
— Notable domestic vendors: Aerojet Rocketdyne, Moog, Busek, VACCO
— Notable foreign vendors: Ariane Group, Ecaps, and Enpulsion, Sitael, Rafael

14 Propellantless
=

TRL levels

Chemical - 3-5 6.75C0 . -
Electric - 3-5 -
Propellantless l'..
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Chemical systems have
more flight heritage than
electrical systems

37% s 16%
with TRL 7 or higher
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Chemical Propulsion Options - Summary
2023 Outlook

19 Biprop

Typical propellant types
 Hydrazine

45 . AF-M315E (ASCENT)

« LMP-103S
70 1 6 7 arm gas .
« Refrigerants (R134a/R236fa)
Monopropellant Chemical . Inert gas
systems - Water
- AP/HTPB

« 3-D printed plastics
33 Solids & hybrids

124 are domestic, followed closely European commercial space companies
— Notable domestic vendors: Aerojet Rocketdyne, Moog, NGC, VACCO, Busek, Stellar Explorations
— Notable foreign vendors: Ariane Group, ECAPS, Surrey Satellite Technologies
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Electric Propulsion Options - Summary
2023 Outlook

11
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20 PPT

32 Electrothermal

Typical propellant types
* Inert gases (Xe, Ar, Kr)

2 Arcjet * lodine

155 _ . Teflon

. * Indium
17 RF/Helicon o
* lonic liquids

48

Hall e Electric

systems

12 Electrospray/colloid

15 lon

O FEEP

64 are domestic, followed closely European commercial space companies
— Notable domestic vendors: Busek, PhaseFour, Orbion, Exoterra
— Notable foreign vendors: Ariane Group, ThrustMe, Enpulsion, Rafael, Fakel, Pale Blue
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Specific Impulse vs. Thrust*

ABCD Foreign manufacturer

@) Commercially available
@ Unavailable
Aerospace has tested, # endorsement

--- Dual mode systems

*Only systems with published Isp and Thrust values are plotted

Size of marker indicates TRL level
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Specific Impulse vs. Thrust, by propulsion technology*

*Only systems with published Isp and Thrust values are plotted
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Aerospace has tested, # endorsement

ABCD Foreign manufacturer
--- Dual mode systems

Size of marker indicates TRL level

IFM Nano AR3 [7] —MultiFEEP [4] - China: LECR-50 [3] — ~ 15-PUCK [4] /- CAM200[5  HYDROS-M [6]
10000 IFM Nano [8](d) . < M5 [3] ALPHIE [3] ~Microhall 2] /- quﬁ%fgf]a 25-40 6 '~ HYDROS-C [7]
O = e Ll T . /- MSHT100 [3] ~ Pla5-40 [6] "~ PP3641-A [3 ~ CHAMPS [4
u:;;ll}:]i S IEM ‘-‘\:\\\ \HEUE“_I iy —Sg:uiEG4mlcru lﬂ” /~ SHT250[3] /-~ HT400[4] ~ B125 [3][ : /o SR—EB[4][ :
s — NN = [/ ® w14 constantar [,51 e R Astracus(4] /- IPEMRE[S] /)
China: LRIT [2] ——— . | | 7= Aurora [5] A"~ Halo12 [6] /'~ MONARC-1 [84}
MEP [3] - SN \ 1‘1 { / ACEDT] @f/z,f - SSEP H71M-PM/H71M-ENY [4] 7~ Ips[a] 7/~ HPGP-5M [4
' P ACE#"M EIH . /' / ~HPGP-IN{B] -~ PP3614-A[3]
[ o _-'__,-' — L ', #
BBMG PIP [4] — - "'-. o A D '/ /- eeanjay S BGTS I
BET-MAX [ﬁ] 1 . ) =i .\ i China: Resistojet [Fr":l. __-'iz:" — MFS—;SU .[’2] 'y /;—:lgirzleaé_r E?Pr%p [4]
ManolR3 [6] — Vo / rBll4 v g
nguf ]n_o_. - ‘I.n"ectared efectmspray thruster [3] ;"QQ\"— FPPTI[S] | | _U' Hybrid ADN [g] / MR'E_D/]' o~ D3T- 11";%‘?]]
1 J ) Dawn [7
BIT-1 [6] - _\H‘L“ : ~MEeP[4] // ;7 BETXS[4]/ // /7 N/ /_ DST-12 [8]
-1 PUCK [4] - RIT 10EV0 [7] ; - BHT-60 {&] [ Frnehergmum- /
T Mggdrwe 2 i / o~ DST13[8]
SPT- ?n 71, T A i 47~ 5lbf-Cc-103 [8]
PPT - SSTL [5 -PUC S+ p_RODEP f /AN g /" /27 .~ End-burning hybrid [2]
A 30W. f . -~ Halo [5 |mntal.-su ld mlcrr‘cF:{t_llrr is Er|'2] /5, "~ HPGP-2IN [4
- kppsmmﬂa -34 7 A A o AMPS 8]
Ps [6] _ e -'. _‘_ — —— HET-400 53 /, A~ TALOS [4]
1 UU U BET-100 [4] @ ~ T N s Ea'lax—'h" m!a 4} T _— IPL Hybrid [4]
~— HET300 (7@ e g " 20N Monopropl8]
50-17] — CAPS-35] // : :
B _—— VFP Hybrid [3
PPTCUP [5] ———— ] L MAXWELL (g @ - !‘. —— MR-106E [8]
STEP-1[4] — ,i A1 . 6l / _— MR-106L [8]
BmP-220[5] — — ] ), EAT [3] M@xwell BIockZHI‘ M, T SPT3013] ~ — MRE-5.0[g]
Froeberg multi-mode TEPSSJ7] . \n .. — Dawgstar [S])
= . w0 - SPT-50 8] /|
= s Biprog, KRV, Bl “-%. g st
S— Pale Blue, dual mode [5] — REGULUS|[5] — !‘p SN Tee T MRS [y _— ST:I::.S lilis']
o Water ion thruster [3] — ° ) Feregmne [4] (
7 ExoMG-nano [7] —~ . [[3]] L~ \ ® SP_R"E[?
KAIST HET [4] — a]—® Mil:rajue D 3] ? . - N
=gy [ SELCHTI41 —= oy er 4]#PP-24908 [5] NN e 8
MEMS array [3] — 7 EMZ200 [4] ~ . Steamlet [2] Resistojet [?_’| ArgoMoon [4] LN ~_ ~STAR-3[7]
' Orbital Thruster [3] — ~ MiP5 [5]n AEERES w- e *:}\ \\\ \\‘ \\ ~. — MR-104A/C [8]
) | 1 .. < UEBE 4 C11E?E[]5] T XMET 14] @} y \‘ N \k*—\srﬁuelhgﬁx\\\ — MOMARC-445[8]
100 Digital Propulsion [4]@) bl ‘5\& '\ H202 miniature [3] ~ N gﬂﬁ[@;]"ﬁ, N -~ MR-1075 [8]
FMMR [4] Steam Prop [?]@ T . . M[_l H202 munonru..—'"lu. eroxi ? S S EAEFI':ﬂH;_T;][B]
- L O\ N
® 4Llf*‘ﬂ"'353't MiPS [7] 2 ' e _—Bevo21a] T NN - mam‘ngc\zz QJEH-] = MAPS [7]
ManoProp [7] — ) __-__#d_, .‘ )’ ! '. J(R 150-200 [5 . . NN \\ *\: rEEﬂ Rocket-[4].. “— MR-107T [8]
FEMTA [4 7 ' ~ 058E151 [3] . W CGRazlEl .~ MOMNARC-80HT[S]
e ll?l- Cold/warml@ag o e NN = NanooTSHE N N
= NI i ano NXC -
Delft sublimating mlcm-resm!'djétlﬁi_m J . . R-150-050 [4] RN N\ \\ \ N e Podranne el i ?Eﬂh&%ﬁ&ﬁ;}lﬂlﬂ]
Pale Blue, dual mode [5] ~T3 ups [:.r] — = =T ” N, N b - Stellar Munupmp{?l .
. i | N.B.Sﬁ. subllmatlng svsl‘erm[if] \ \\\ “— MR-111C [8] N ERIS
| | K L T4i 20203 \g Apogee E28T [7]

PUC-502 [5] —

' I'u'x.RE}JET AQUAJET [7] -
~ XS0E10220-01 [6] —
9

Stanzard MIPS [5] —

CNAPS [7] —

. ) MVP [8]
JPL subliming microthruster{4] =

Australian napthalene subliming microthruster [4] -

CusP [4] —

1

10

0.0001 0.1

0.001 0.01

SNAP-1[7] —

Pale Blue reslstulet[mmlllﬂl . | starling [4] . \ \ - MRE-L.0[8] \:T 25N hydrazine[8
) ! | - O58-11B[B] % \ \_ MONARC-S [84] — 30s Motor [6]
g — CGMT-000-9 [84] MR-111E [8]

Lightsey[7] — 1 .\ '- \ SN \\_ MN-hydrazine [8

MEPSI [7] /| /] beor s — SBE163A [B] \\ W\ MR-103G [8]
LiciaCube/MNEA Scout [7] | | [e] RN Thh:fr;jénsi?[é?]
MarCO MiP5 [7] — NN\ mpm [3]
NASA C-POD [5] — Fnd-Rurning Hvhridl3]

10 100 1000 10000 100000 1000000 10000000

Thrust (mN)

DISTRO A: Approved for public release. OTR-2024-00338

13



DISTRO A: Approved for public release. OTR-2024-0(

Specific Impulse vs. Thrust, by mission*

@) Commercially available
@ Unavailable
Aerospace has tested, # endorsement

ABCD Foreign manufacturer
--- Dual mode systems

*Only systems with published Isp and Thrust values are plotted
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Trends, observations, and thoughts

The number of propulsion systems has increased over the last 5 years

2010 S 115

o020 I 234

2021 I 21T

2022 I 307

2023 I ———— 336
Future (N

* How to best account for systems suspected to be no longer in production?
* How to better track progress? Current system utilizes an organic approach
« How to more accurately gauge technologies which have limited publications/publicly available news?
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Trends, observations, and thoughts

Trends from this year...

« Growth and turbulence in the electric propulsion industry has resulted in an increase in the number and variety of thrusters

« Hall thrusters: many models and manufacturers have emerged, perished, been acquired, renamed, redesigned, etc.

+ FEEPs and Metal PPTs are emerging, as they offer integration simplicity (no moving parts and solid propellant storage)
«  Foreign vendors making headway — two-thirds of new systems found this year were not domestic, mostly European

«  Fraction of EP systems reaching flight is higher this year than last year, indicating push for launch

« Growing interest in alternative propellants due to high price of xenon

*+ Chemical systems proceed with steady growth

« Heritage large manufacturers continue to lead with very high TRL systems, but there is increased competition from small companies in two main areas:
*  Miniaturization of hydrazine systems, due to a growing acceptance of hydrazine on small satellites combined with successful first flight demonstrations
« Adoption of “Green” propellants (hydrazine alternatives), including ionic liquids, ammonium dinitramide blends, peroxide, water, N20O blends

* Novel technologies such as ultra-low SWAP solid arrays, small biprops, novel propellants, additive manufacturing, and MEMs systems are emerging.

* Need for agile, high thrust systems still apparent

More observations for discussion...

« Thereis an (over) - abundance of available propulsion systems
* Many duplicates of similar technologies being manufactured at multiple vendors
* Major commercial players develop their own propulsion (e.g., Starlink, Kuiper)
* Venture capital appears to be driving a significant portion of R&D rather than market demand to satisfy mission needs
* Venture capital seeks a profitable market exit that may not result in COTS hardware available to NSS on the open market

« Commercial TRLs are self-reported with minimal third-party validation
» Different TRL systems exist which can make self-reported maturity levels confusing to customers

« Start-ups face challenges advancing systems to TRL > 6
+ Establishing in-house test facilities is expensive and flights are difficult to procure

» Lack of qualification and acceptance standards tailored to small satellites
*  ‘Proto-qual’ system is specific to individual missions and customers
*  SMC standards (such as SMC-S-025, SMC-S005, SMC-S-016 may not encompass all customer needs, or may be too much, incurring extra cost and schedule)
» Agile missions require rapid technology development or COTS options, but standards for qualification of COTS hardware by flight and ground test are not well
established

« Lack of mission requirements standards for guiding technology development
* Evolution from one-off deep-pocketed missions to small agile missions requires a change in industry and customer mindset
« Traditionally, mission needs drive technology development and requirements, but this is too time consuming and costly in the new space era
* Mission needs are increasingly confined to high side, leaving commercial developers in the dark
* NASA and NSS mission requirements often have little overlap, causing tech development to be unaligned
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PROPULSION SYSTEMS....

DISTRO A: Approved for public release. OTR-2024-00338



Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (S)

Thrust type/magnitude

Delta-V (m/s)
Propellant
Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338
MONARC-1 MOOG

Hydrazine monopropellant

Moog (USA) (formerly AMPAC
In-Space Propulsion, ISP)

8+

14cmLx0.5cmD (~1.5U)
>6U

227.5

AN (0.22 Ibf) (thrust, nominal)
25,000 Ibf*s (impulse, total)
0.0006 Ibf*s (impulse, min)

Hydrazine
18W (valve)

Extensive (although could not
find if any were small
satellites).

YES

01/2019

[Reference 1-3][Jan 2019][General thruster info]
Feed pressure = 70 - 400 psia, mass is 0.4 kg, and pulses are 375,000. System has extensive history on conventional satellites. From Moog’s website, “The MONARC line of
monopropellant thrusters provides a simple and reliable propulsion solution and are particularly suited for ACS applications. Higher-thrust engines can be used for main (delta-v) engine
applications or flight vehicle attitude control. These engines can be used in a monopropellant or dual-mode system. Engines range from a nominal 0.2 Ibf (1 N) to 100 Ibf (445 N) and over
3000 have been delivered. Missions: Galileo (ENSS), ORBCOMM Generation 2 (0G2), BepiColombo, MMS, Worldview, Landsat 8 (LDCM), GOES-R/S, LCROSS.”

However, the authors could not find any small satellite missions that have flown these.

References:

MONARC-1
Engine
0.22 Ibf (1N)
Steady State Thrust @275 psia
70 - 400 psia
Feed Pressure (4.8 —27.6 bar)
Nozze Expansion it
Mass 0.83 Ibm (0.38 kg)
. o | 52in(13.3cm)/
Engine Length/Bxit Diam | =% Yo'’ o)
N , 0.0006 Ibf-sec
Minimum Impuise Bit (2.6 mN-sec)
25,000 Ibf-sec
Total Impulse (111,250 N-sec)
Pulses 375,000

[1] https://mwww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
[2] http:/Mmmw.moog.com/content/dam/moog/literature/Space_Defense/Spacecraft/Monopropellant_ Thrusters_ Rev_0613.pdf
[3] History of Liquid Propellant Rocket Engines, by George Sutton, 2006.
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Propulsion Technology Hydrazine monopropellant MONARC-5
Manufacturer/Country Moog (USA) (formerly AMPAC In-Space P ,"'
Propulsion, ISP) Engine
TRL 8+
Size (including PPU) 42 cm L x 3 cm D (~4.5U) TOBIA5N
Steady State Thrust @325 psi
Design satellite size >6U Wa.
Feed Pressure 80420 pela
Isp (s) 226.1 Rt
- Nozzie Expansion 135:1
Thrust type/magnitude 4.5N (1 Ibf) (thrust, nominal)
: e P 18 watts
138,000 Ibf*s (impulse, total) Wpbee iz
0.0007 Ibf*s (impulse, min) Mass 1.08 bm (0.49 kg)
: e 94in(41.8
Delta-V (m/s) Engne LengtvExitDian) ° 1T
Propellant Hydrazine SVaco g 2201 secs
o . 0.0007 Ibf-sec
. Minimum Impulse Bit : :
Power consumption (W) 18W (valve) -0
_ _ . _ . Total Impulse 138,000 Ibf-sec
Flight heritage (if any) Yes. Extensive on conventional spacecraft. (913,852 N-sec)
For small satellites, Soil Moisture Active Pulses 205,000

Commercially available

Last updated

Additional comments:

MONARC-5 MOOG

Passive (SMAP, 2015) [4]
YES

06/2020

[Reference 1-5][Jan 2019][General thruster info]
Feed pressure = 80-420 psia, mass is 0.5 kg, and pulses are 205,000.

DISTRO A: Approved for public release. OTR-2024-00338

System has been reviewed by George Sutton’s book and has a long flight heritage on conventional spacecraft. Moog’s website says, "The MONARC-5 has a long heritage, dating back more than 30 years, with flight heritage
on a range of commercial and exploration missions, including Worldview, LCROSS and MMS. Nearly 600 MONARC-5 hydrazine monopropellant thrusters have been delivered and flown.”

From the AIAA paper on the catalyst, “The MONARC-5 thrusters have a successful heritage with the Shell 405 catalyst substrate. However, with the dwindling supply of Shell 405, Moog-ISP now manufactures the MONARC 5
with Heraeus catalyst manufactured in Germany.”

The only small satellite mission to our knowledge that has launched Monarc-5 thrusters is NASA/JPL’s Soil Moisture Active Passive (SMAP) satellite, launched 2014. Moog delivered nine MONARC-5 thrusters and one
gualification thruster to JPL. Thrusters were integrated onto SMAP and activated soon after separation from the Delta |l second stage to de-tumble the spacecraft and initiate sun acquisition after solar array deployment.

The NASA report claims flight demonstrations aboard SMAP were successful and that the thruster demonstrated 4.5 N thrust on orbit

TRL Aerospace-tested

References:

[1] https:/imww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html

[2] History of Liquid Propellant Rocket Engines, by George Sutton, 2006.

[3] http://mwww.moog.com/news/operating-group-news/2015/moog-supports-ula-delta-ii-launch-with-nasa-spacecraft-for-enhanced-understing-of-weather-climate/

[4] NASA survey of small-satellite propulsion, 2018. https://sst-soa.arc.nasa.gov/04-propulsion E
[5] Gatto, C., Nakazono, B., “Life test results of a MONARC-5 1 Ibf monopropellant thruster with Heraerus catalyst,” AIAA, 2014. ® ®
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MONARC-22-6 MOOG

Propulsion Technology Hydrazine monopropellant MONARC-22-6 MONARC-22-12
Manufacturer/Country Moog (USA) (formerly AMPAC In-
Space Propulsion, ISP) Engine
TRL 8+ ”
[ i [ 20 cm L x 4 cm Dia (~2U
Size (including PPU) (~2V) e %&b%??".’) %?f e
q . . psia psia
Design satellite size >6U e 400 oo
_ l —_
5 @) 9205 Fead Preseure (48-276ba) | (4.8—27.6 ba)
Nozzle Bxpansion 60:1 40:1
Thrust type/magnitude 22N (5 Ibf) (thrust, nominal)
120,000 Ibf*s (impulse, total) Yobvn Eower 30 wats 30 wats
0.07 Ibf*s (impulse, min) Mass 1.58 Ibm (0.72kg) | 1.51 Ibm (0.6 kg)
. M 8in (20.3 cm)/ Qin(22.9cm)/
Delta-V (m/s) engne Lengh/ExtDiam) 4 37 (3.8 cm) 1.2in (5.3 cm)
ific Impulse : :
Propellant Hydrazine Syeciio b o0 . 2281 wecs
Minimum Impulse Bit 0.07 Ibi-sec 0.12 bf-sec
Power consumption (W) 30W (valve) (312m N-sec) (526m N-sec)
Total Impuise 120.000 Ibf-sec 263.720 Ibf-sec
Flight heritage (if any) Yes. Extensive on conventional (633,784 N-sec) | (1,173,085 N-sec)
spacecraft. No small sat missions Pulses 230,000 160,000

Commercially available

Last updated

Additional comments:

found.

YES

01/2019

[Reference 1-4][Jan 2019][General thruster info]

Feed pressure = 70-400 psia, mass is 0.7 kg, and pulses are 230,000 (MONARC-22-6). System has extensive history on conventional satellites. From Moog’s website, “The MONARC
line of monopropellant thrusters provides a simple and reliable propulsion solution and are particularly suited for ACS applications. Higher-thrust engines can be used for main (delta-v)
engine applications or flight vehicle attitude control. These engines can be used in a monopropellant or dual-mode system. Engines range from a nominal 0.2 Ibf (1 N) to 100 Ibf (445 N),
and over 3000 have been delivered. Missions: Galileo (ENSS), ORBCOMM Generation 2 (0G2), BepiColombo, MMS, Worldview, Landsat 8 (LDCM), GOES-R/S, LCROSS.”

However, the authors could not find any small satellite missions that have flown these.

TRL Aerospace-tested

References:
[1] https://mww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
[2] http:/mmww.moog.com/content/dam/moog/literature/Space_Defense/Spacecraft/Monopropellant_ Thrusters_ Rev_0613.pdf

[3] History of Liguid Propellant Rocket Engines, by George Sutton, 2006. E

[4] NASA survey of small-satellite propulsion, 2018. https://sst-soa.arc.nasa.gov/04-propulsion e ®
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Propulsion Technology

DISTRO A: Approved for public release. OTR-2024-00338
MONARC-22-12 MOOG

Hydrazine monopropellant

MONARC-22-6 MONARC-22-12
Manufacturer/Country Moog (USA) (formerly AMPAC In-Space
Propulsion, ISP)
Engine
TRL 8+ e
Size (including PPU) 23 cm L x 6 cm Dia (~2.5U)
. . . 5 bf (22 5 bf (22
Design satellite size >6U Steady State Thrust @Q7e(>pg)a @1 ps?:
70— 400 psia 70 - 400 psi
Isp (s) 228.1 Foed Prassure (48-276bay | (4.8-27.6 bar)
Thrust type/magnitude 22N (5 Ibf) (thrust, nominal) Bk by o i
263,720 Ibf_*s (impulsg, total) Valve Power 30 watts 30 watts
0.12 Ibf*s (impulse, min)
Mass 1.58 Ibm (0.72kg) | 1.51 bm (0.60 kg)
Delta-V (m/s : + i 8 in (20.3 cm) / Qin (22.9 cm) /
(m/s) Engine Lengt/Bxt Diam| 4 £ 38cm) | 1.2in (5.3¢m)
Propellant Hydrazine Specific Impulse 229.5 secs 228.1 secs
; ik : 0.07 Ibi-sec 0.12 bif-sec
Power consumption (W) 30W (valve) Minimum impuiso Bt | o N o) (526m N-s60)
Flight heritage (if any) Yes. Extensive on conventional spacecraft. Total Impulse 120,000 Ibf-sec | 263,720 Ibf-sec
No small sat missions found. Bearat g, | (L1700 NeG
Pulses 230,000 160,000

Commercially available YES

Last updated 01/2019

Additional comments:

[Reference 1-4][Jan 2019][General thruster info]

Feed pressure = 70-400 psia, mass is 0.7 kg, and pulses are 160,000 (MONARC-22-12). System has extensive history on conventional satellites. From Moog’s website, “The MONARC
line of monopropellant thrusters provides a simple and reliable propulsion solution and are particularly suited for ACS applications. Higher-thrust engines can be used for main (delta-v)
engine applications or flight vehicle attitude control. These engines can be used in a monopropellant or dual mode system. Engines range from a nominal 0.2 Ibf (1 N) to 100 Ibf (445 N)
and over 3000 have been delivered. Missions: Galileo (ENSS), ORBCOMM Generation 2 (OG2), BepiColombo, MMS, Worldview, Landsat 8 (LDCM), GOES-R/S, LCROSS.”

However, the authors could not find any small satellite missions that have flown these.

References:
[1] https://mww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
[2] http:/mmww.moog.com/content/dam/moog/literature/Space_Defense/Spacecraft/Monopropellant_ Thrusters_ Rev_0613.pdf

[3] History of Liguid Propellant Rocket Engines, by George Sutton, 2006. E

[4] NASA survey of small-satellite propulsion, 2018. https://sst-soa.arc.nasa.gov/04-propulsion e ®
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MONARC-90LT MOOG

Propulsion Technology Hydrazine monopropellant

Manufacturer/Country Moog (USA) (formerly AMPAC VONARCEOLT  HONARC=ORT ‘
In Space Propulsion, ISP)
TRL 8+

Size (including PPU)

30cm L x8.4cm D (~3U)

“ sosmema | S50 | RN
Design satellite size B0 - 370
9 Feed Pressure ._:-?% Zn:*?apﬁfn (5.5 25.5%
Isp (s) 232.1 Nozzle Expansion 401 50:1
. . Valve Power 72 watts 72 watts
Thrust type/magnitude 90N (20 Ibf) (thrust, nominal) PSP B ———
786,000 Ibf*s (impulse, total) - ATmiThy | FATEnT
0.04 Ibf*s (impulse, min) Engine LengnEdtDam| 151564 on | 53 den
Delta-V (m/S) Specific Impulse 232.1 sBcs 234.0 zecs
_ Miirum Inpuss B | 18N | (116N ea
Propellant Hydrazine 786,000 459,100 Ibf-sec
Total Impulse (3,500,000 N-sec) | (2,042,178 N-sec)
Power consumption (W) 30W (valve) Pulses 50,000 70,000
Flight heritage (if any)
Commercially available YES
Last updated 07/2020

Additional comments:

[Reference 1][July 2020][General info]

Feed pressure = 70-400 psia, mass is 1.2 kg. System has extensive history on conventional satellites. From Moog’s website, “The MONARC line of monopropellant thrusters provides a
simple and reliable propulsion solution and are particularly suited for ACS applications. Higher-thrust engines can be used for main (delta-v) engine applications or flight vehicle attitude
control. These engines can be used in a monopropellant or dual mode system. Engines range from a nominal 0.2 Ibf (1 N) to 100 Ibf (445 N) and over 3000 have been delivered.
Missions: Galileo (ENSS), ORBCOMM Generation 2 (0G2), BepiColombo, MMS, Worldview, Landsat 8 (LDCM), GOES-R/S, LCROSS.”

However, the authors could not find any small satellite missions that have flown these.

References:
[1] https://www.moog.com/products/propulsion-controls.html E 8 I N O
e o
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MONARC-90HT MOOG

Propulsion Technology Hydrazine monopropellant

Manufacturer/Country Moog (USA) (formerly AMPAC VONARCEOLT  HONARC=ORT ‘
In Space Propulsion, ISP)
TRL 8+

Size (including PPU)

30cm L x8.4cm D (~3U)

Steaty State Thrust éﬂlﬁ- Ignllm N % mgralg 16 N
35 psla @ psia
Design satellite size 7
0 ren | 5 | B
Isp (s) 234.0 Nozzie Expansion a0 51
. . Valve Power 72 walts 72 watis
Thrust type/magnitude 116N (26 Ibf) (thrust, nominal)
459 100 Ibf*s (impulse total) Mass 247 Ibm (112 kg) | 247 lom (1.2 kg)
0.26 lbf*s (impulse, min) eroreergivesian| 1350 |
Delta-V (m/S) Specific Impulse 232.1 sBcs 234.0 zecs
T
Propellant Hydrazine 78000 | 459,100 b sec
Total Impulse (3,500,000 N-sec) | (2,042,178 N-sec)
Power consumption (W) 72W (valve) Puises 50,000 70,000
Flight heritage (if any)
Commercially available YES
Last updated 07/2020

Additional comments:

[Reference 1][July 2020][General info]

Feed pressure = 70-400 psia, mass is 1.2 kg. System has extensive history on conventional satellites. From Moog’s website, “The MONARC line of monopropellant thrusters provides a
simple and reliable propulsion solution and are particularly suited for ACS applications. Higher-thrust engines can be used for main (delta-v) engine applications or flight vehicle attitude
control. These engines can be used in a monopropellant or dual mode system. Engines range from a nominal 0.2 Ibf (1 N) to 100 Ibf (445 N) and over 3000 have been delivered.
Missions: Galileo (ENSS), ORBCOMM Generation 2 (0G2), BepiColombo, MMS, Worldview, Landsat 8 (LDCM), GOES-R/S, LCROSS.”

However, the authors could not find any small satellite missions that have flown these.

References:
[1] https:/mwww.moog.com/products/propulsion-controls/spacecraft/thrusters.html E 8 I N O
o o
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MONARC-445 MOOG

Propulsion Technology Hydrazine monopropellant

Manufacturer/Country Moog (USA) (formerly AMPAC
In Space Propulsion, ISP)

TRL 8+

Size (including PPU) 4lcmlLx14.8cmW

Design satellite size

Isp (S) 234.0

Thrust type/magnitude 445N (100 Ibf) (thrust, nominal)
1,25,000 Ibf*s (impulse, total)
2.59 Ibf*s (impulse, min

Delta-V (m/s)

Propellant Hydrazine

Power consumption (W) 58W (valve)

Flight heritage (if any)

Commercially available YES

Last updated 07/2020

Additional comments:

[Reference 1][July 2020][General info]

Feed pressure = 70-400 psia, mass is 1.2 kg. System has extensive history on conventional satellites. From Moog’s website, “The MONARC line of monopropellant thrusters provides a
simple and reliable propulsion solution and are particularly suited for ACS applications. Higher-thrust engines can be used for main (delta-v) engine applications or flight vehicle attitude
control. These engines can be used in a monopropellant or dual mode system. Engines range from a nominal 0.2 Ibf (1 N) to 100 Ibf (445 N) and over 3000 have been delivered.
Missions: Galileo (ENSS), ORBCOMM Generation 2 (0G2), BepiColombo, MMS, Worldview, Landsat 8 (LDCM), GOES-R/S, LCROSS.”

However, the authors could not find any small satellite missions that have flown these.

References:

[1] https:/mwww.moog.com/products/propulsion-controls/spacecraft/thrusters.html E 8 I N O
o o
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Cold Gas MicroThruster (CGMT-000-9)
Marotta

Propulsion Technology Cold gas

Manufacturer/Country Marotta (USA) with UK branch (Marotta UK) (UK)
TRL 8+

Size (including PPU) Very small, <70g (~0.25U)

Design satellite size 1U or larger

Isp (S) ~65

Thrust type/magnitude 2.4N at 154bar GN2 (beginning of life)

0.05N at end of life due to pressure decrease
44 mN*s (impulse bit, min)

Delta-V (m/s)
Propellant GHe, GN2
CGMT-000-9
Power consumption (W) <1W peak power consumption
Flight heritage (if any) NASA ST-5
Commercially available YES
Last updated 01/2019

Additional comments:

[Reference 1-3][Jan 2019][General info]

Marotta Controls developed and qualified the Cold Gas Micro Thruster (CGMT) as part of the NMP ST5 program. The effort was managed and delivered to NASA GSFC. When coupled
with its control electronics, this thruster achieves < 1 Watt Peak Power consumption using a low voltage 3.3 or 5 VDC supply bus. The design began as, and achieved operation with, a
3.3 VDC spacecraft supply bus voltage [13], though during the ST5 efforts it was adjusted to 5 VDC to accommodate a change in bus voltage at the system level. Interface mounting was
also modified to accommodate system configuration requirements. The updated version was used in performing component qualification testing. The ST5 program involves three
spacecraft, each using a single thruster per craft in a blow-down cold gas system. Thrust begins at ~2.36 N Thrust @ 154 bar GN2 then becomes ~105 mN Thrust @ 7 bar GN2 at near-
exhaustion after blowdown. Minimum impulse bit is 44 mN-sec. Flight hardware has been delivered and integrated and is awaiting the demonstration flight. This hardware has been
included in NASA Tech Briefs (8/2004), Aviation Week & Space Technology (3/22/2004), and Aerospace Engineering (12/2003) publications.

The thruster has been tested to 6000 open/close cycles.

Marotta UK is extensively involved in a variety of SSTL propulsion platforms. SSTL spacecraft with propulsion systems in orbit, in build, or in development include: SNAP-1, Alsat-1, UK-
DMC, BilSat-1, PROBA 2.

References:

[1] https:/imww.prweb.com/releases/2006/04/prweb363198.htm

[2] Schappell, D., Scarduffa, E., Smith, P., Solway, N., “Advances in Marotta electric and small satellite propulsion fluid control activities,” AIAA-2005-4055. + N O
[3] Spektor, R., Fathi, G., Brady, B., Moore, T., “2011 Review of Propulsion Options for the Aerospace CubeSat Project,” Aerospace report TOR-2011(8582)-6 e o
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MR-XXX Hydrazine Monopropellant Thruster Family
Aerojet Rocketdyne (1 of 13)

PVOPU|Si0n TeChnOIOQy On next slides Product Image Product Number Description

Manufacturer/Country MR-103 » 1N Class
» Mass: 0.33 kg
TRL » 5N Cass

MR-111
’ h"d:\t’ (j 33 ku

Size (including PPU)

Design satellite size TR b 22 N Class
P Mass. 059 kg
Isp (s)
Thrust type/magnitude » 275N Class
MR-107
» "-'1:),"‘)4 1 [-)] ku
Aerojet’s family of hydrazine thrusters
Delta-V (m/s) » 440 N Class
MR-104 ,
Propellant » Mass: 186 kg
Power consumption (W)
: - . 3,700 N Clas
Flight heritage (if any) MR 80 ¥ 200 Rt

» Mass: 8.51kg

Commercially available

Last updated 01/2019

Additional comments:

[Reference 1][Jan 2019][Thruster info]

The manufacturer’s website has extensive specifications.

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

References:

[1] http:/mww.rocket.com/propulsion-systems/monopropellant-rockets E 8 I N O
e @9
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MR-103D 1N

Aerojet Rocketdyne (2 of 13)

Propulsion Technology Monopropellant (Hydrazine)
Manufacturer/Country Aerojet Rocketdyne (USA)
TRL 8+

Size (including PPU) ~1.5U

Design satellite size

Isp (s) 224 - 209 s
M S| O S G ¢ S T TR o R {0
Delta-V (m/s) . - . hossiduimsonfeosissrboisafidssnd
Propellant Hydrazine (N2H4) 0 T G N o M TR TN 1 S
{2151-} . . , | - R, 15 T S ........ ...... A N —— I
Power Consumptlon (W) ~14 W g | e | g | vak i ......... el R kel N R |T ......
| | | | g b
Flight heritage (if any) Extensive Ty (1.35%)
A version of the MR-103 was flown on the NASA New { ~ DIA. -
Horizons mission [3] ki l :
Commercially available vES - | S ............ ........
Last updated 06/2020 L MOUNTING INTERFACE —— 1

Additional comments:

[Reference 1-2][Jan 2019][Thruster info]

The manufacturer’s website has extensive specifications.

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full thrust range from 1 N to 4,000
N (0.2 Ibf to 900 Ibf).

[Reference 3][Jun 2020][Flight info]

Aerojet Rocketdyne has leveraged existing designs with flight heritage from large spacecraft that may be applicable to small buses, such as the MR-103 thruster used on New Horizons
for attitude control application. Other Aerojet Rocketdyne thrusters potentially applicable to small spacecraft include the MR-111 and the MR-106. These systems have successfully flown
on a number of missions.

References:
[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf E 8 I

[3] NASA 2020 SOA for Small Satellites (POC Gabriel Benavides). https://www.nasa.gov/smallsat-institute/sst-soa-2020/in-space-
propulsion
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Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (S)

Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)
Flight heritage (if any)
Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338

MR-103G 1N
Aerojet Rocketdyne (3 of 13)

Monopropellant (Hydrazine)

Aerojet Rocketdyne (USA)

8+
~1.75U

224 -202 s
1.13-0.19 N @ Steady State

Hydrazine (N2H4)

A 7mm - .ot
- (275"
.. MAX

«@— MOUNTING
- INTERFACE

60 mm

~14 5W

Extensive S WY T Y 4 i
e . u . ® s = :.445” R

YES

04/2023

[Reference 1-2][Jan 2019][General info]
Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications, specified in the references.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets
[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf
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MR-103M 1N
Aerojet Rocketdyne (4 of 13)

Propulsion Technology Monopropellant (Hydrazine)
Manufacturer/Country Aerojet Rocketdyne (USA)
TRL 8+

Size (including PPU) ~1.25U

Design satellite size

Isp (s) 221 -206 s

Thrust type/magnltUde 099—028N @ Steady State ..... 555 mm'l..... ...... ??Dmm T . iy

DeIta-V(m/s) R (T SO L. N S |
e e MDUHT#NE‘-INTEHFACE eakisssisint

_ = s B i
Propellant Hydrazine (N2H4) f """ / e
34 mm :

Power consumption (W) ~11 W '{B’T’-Aﬁf}'j_ _ %?:.}
Flight heritage (if any) Extensive l L 1 )

Commercially available YES S =
Last updated 01/2019

Additional comments:

[Reference 1-2][Jan 2019][General info]

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf + N O
o o
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MR-111C 4N
Aerojet Rocketdyne (5 of 13)

Propulsion Technology Monopropellant (Hydrazine)
Manufacturer/Country Aerojet Rocketdyne (USA)
TRL 8+

Size (including PPU) ~1.70U

Design satellite size
Isp (s) 229 -215s
Thrust type/magnitude 5.3- 1.3 N @ Steady State

Delta-V (m/s)

Propellant Hydrazine (N2H4)
Power consumption (W) ~13.6 W

Flight heritage (if any) Extensive
Commercially available YES

Last updated 01/2019

Additional comments:

[Reference 1-2][Jan 2019][General info]

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf + N O
o o
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Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (S)

Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)
Flight heritage (if any)
Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338

MR-111E 2N
Aerojet Rocketdyne (6 of 13)

Monopropellant (Hydrazine)

Aerojet Rocketdyne (USA)

8+
~1.70U

224 - 213 s
2.2-0.5N @ Steady State

Hydrazine (N2H4)
~13.6 W
Extensive

YES

01/2019

[Reference 1-2][Jan 2019][General info]
Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

55 mm|... |
(2.157)|...1

90 mm . g N

T

L

a8 mm
(1.50")
DIA.

. MOUNTING INTERFACE —\

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf
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Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (S)

Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)
Flight heritage (if any)
Commercially available

Last updated

Additional comments:

Monopropellant (Hydrazine)

Aerojet Rocketdyne (USA)

8+
~1.8U

235-229s
30.7-11.6 N @ Steady State

Hydrazine (N2H4)
~35 W

Extensive

YES

01/2019

[Reference 1-2][Jan 2019][General info]
Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf
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MR-106E 22N
Aerojet Rocketdyne (7 of 13)

" MOUNTING FLANGE

==,

S8+ || no
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Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (S)

Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)
Flight heritage (if any)
Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338

MR-106L 22N
Aerojet Rocketdyne (8 of 13)

Monopropellant (Hydrazine)

Aerojet Rocketdyne (USA)

8+
~2U

235-229s
34-10 N @ Steady State

Hydrazine (N2H4)
~42 W
Extensive

YES

01/2019

[Reference 1-2][Jan 2019][General info]
Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

...................... | | :
C MOUNTING .| : : 9

i MOUNTING FLANGE

FL:ANG$ {Typ_u::.a!j : {Alernate) ! : ]

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf E 8 + N O
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MR-107S 275N
Aerojet Rocketdyne (9 of 13)

Propulsion Technology Monopropellant (Hydrazine)
Manufacturer/Country Aerojet Rocketdyne (USA)
TRL 8+

Size (including PPU) ~2.25U

Design satellite size
Isp (S) 225-236s

- — 0. 0.547)
Thrust type/magnitude 360 — 85 N @ Steady State - ST N S R _.l |'5_D L ”Eu :Igﬂa mm (0.80")

Delta-V (m/s)

Propellant Hydrazine (N2H4) e
‘ fE.ﬁg"}“ T 5233 mm {2.03"}; g s N
: .....0.0635 mm (0.2507)—] e
Flight heritage (if any) Extensive 158.75 mm-ere| g ELIS M )
- PRy > (24097 '
Commercially available YES '
Last updated 01/2019

Additional comments:
[Reference 1-2][Jan 2019][General info]

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf + N O
o o
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Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (S)

Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)
Flight heritage (if any)
Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338

MR-107T 110N
Aerojet Rocketdyne (10 of 13)

Monopropellant (Hydrazine)

Aerojet Rocketdyne (USA)

8+
~2U

222 —-228s
125 -54 N @ Steady State

Hydrazine (N2H4)
<34.8 W
Extensive

YES

01/2019

[Reference 1-2][Jan 2019][General info]
Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

52.83 mm (2.08")
DiA.

o125 ";ﬁ.ﬁﬁijﬁﬁ'ﬁié! N
TRUCTURE: ] i
e & ot Tty G ot ??‘ggmm o Rt N
W : (3.07) '5-
o Je———}6604mm (260" DIA. |

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf
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MR-107V 220N
Aerojet Rocketdyne (11 of 13)

Propulsion Technology Monopropellant (Hydrazine)
Manufacturer/Country Aerojet Rocketdyne (USA)
TRL 8+

Size (including PPU) ~2U

Design satellite size

Isp (s) 229-223s CTONE: SO S T T S, S W 9.5 mm
_ O e - », rEUS?EJDIA_
Thrust type/magnitude 220 - 67 N @ Steady State S SIS " —— et ...........................................

42.01 mm___f
(1.65"

DIA.
Delta-V (m/s) i

Propellant Hydrazine (N2H4) ?9,51? mm :

Sl hea S A 2 R

Power consumption (W) <34.8 W v - N S A

. . . ) . - . 3.07"
Flight heritage (if any) Extensive ;.'.. nsd {} B [ NS .
Commercially available YES I B o e T T O TR I e el
Last updated 01/2019

Additional comments:

[Reference 1-2][Jan 2019][General info]

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf + N O
o o
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MR-104A/C 440N
Aerojet Rocketdyne (12 of 13)

Propulsion Technology Monopropellant (Hydrazine)
Manufacturer/Country Aerojet Rocketdyne (USA)
TRL 8+

Size (including PPU) ~4.6U

Design satellite size

Isp (s) 223 -239s

Thrust type/magnitude 572.5-204.6 N @ Steady _ _ _
State i MOUNTING -bcisidisi g (13.17) : >

INTERFACE ————\ i | i

Delta-V (m/s)

Propellant Hydrazine (N2H4)

Power consumption (W) ~47 W : _- mm {g_g—}dm_ NN SR S ...

Flight heritage (if any) SErehve = — T |

(18.17) ™l
Commercially available YES
Last updated 01/2019

Additional comments:

[Reference 1-2][Jan 2019][General info]

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf + N O
o o
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MR-80B 3100N
Aerojet Rocketdyne (13 of 13)

Propulsion Technology Monopropellant (Hydrazine)
Manufacturer/Country Aerojet Rocketdyne (USA)
TRL 8+

Size (including PPU) ~4.1U

Design satellite size _ .
~-VALVE PROPELLANT INLET TUBE

Isp (s) 200-225s 5 £

Thrust type/magnitude 3780 — 31 N @ Steady State .

Delta-V (m/s) . ; | 15 4;5,;1
Propellant Hydrazine (N2H4) ‘
Power consumption (W) ~168 W I ] o g |

Flight heritage (if any) Extensive 1.4 '__Xgﬁﬁe%fggg'g“

Commercially available YES N R s YV R AR AR, (AN N
Last updated 01/2019

Additional comments:

[Reference 1-2][Jan 2019][General info]

Aerojet Rocketdyne has delivered more than 1,500 flight hydrazine monopropellant rocket engines over the past 40 years, and their products cover the full
thrust range from 1 N to 4,000 N (0.2 Ibf to 900 Ibf).

The manufacturer’s website has extensive specifications.

References:

[1] http://www.rocket.com/propulsion-systems/monopropellant-rockets

[2] http://www.rocket.com/files/aerojet/documents/Capabilities/PDFs/Monopropellant%20Data%20Sheets. pdf + N O
o o
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Propulsion Technology
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Cold Gas Thruster Model No. 058E143/058E145/058E146 (MOOG)

Cold gas

= h
Parameter *&

Manufacturer/Country Moog (USA) (formerly AMPAC In-Space Propulsion, V%
lSP) Propallant Gh; iGNz GHz Gz GNz, GAr, Xa
Msierid Stahkess Sieel Fuoresiicons | Stainksss Steel, Nylon Slainless Stesl, AFE41 Stainlzss Steel, Mylon Stairless Stee| Vespe!
+ 10 (00022 1), 13N @ 00 b
TR L 8 Hamirgl Thrust 16 ?IJlH :IJ.EIDH Ibf 120 mi [0.027 Ib"& 120 mM (0,027 |bf) o AEN 0B b (1300 ﬁdﬂ!l}ielret.
miral Thrus - 1415: lznﬂ r(@]]-:J?IJEIDIlaJ o @60 bar (100 psia BNy | @ 6.5 bar (100 psia} GH: | @ 15.7 bar (230 pesda) GMe ﬂ.ghpﬁr; i gs& Equu psial
. . . . : ar 21,75 ps y GMNz and GA inlet
Size (including PPU) 14 mm diameter x 57 mm long, mass = 40g ottt o o - 20 sk
. ific Impulsa = fill san = AT ren 1 BEL 57 BEC T0 = G
[valve hardware only, does not include tank or PPU] 54 58 GA
MEQP 1000 bar (145 psial 207 bar (300 psia) #7.6 bar (400 pela) 15.7 bar [Z30 psia) 186 bar {2700 psia)
a 0 0 Vanable ﬂown on CHAM P and G RACE, bOth |ar e Proof 2000 bar (234 pea) 41.4 bar (600 psia) 0.0 bar (1015 peia) T6.9 bar {1115 peial 270 bar (4050 paia)
DeSIgn satellite size (f R 0 20 g Burst 0.0 bar (580 peig) B2.7 bar {12110 psia) 111.4 bar {1615 psia) 155 bar (7250 psi] 4E5 bar (5750 pala)
Spacecra t to g) | aakage - Insamal < (L1 soch Ghe = L1 socm GMz 9 810 secls BHa = 2 seem GNe < 1.0 % 10* socs GHe
f & 2.5 ber (36 poid) @ 13.8 bar (200 psid) AL B @ 41 bar (50 psg @ MEDP
g e 1.0w107 stufs GHe ) St <10 smm Gl <1.0% 107 5008 GH
Is p (S) 60 s Laakape — Extemal = 10x10* 5u/s G & 2T hbar (0 ps) | < OVI0"scels Glie @21 ber {50 peig) . GNP
Operating Vottage | 252 1% ZRLRCTOMMAL | 7.0 s 20 ac Nomial | 22-34 e, 28 Vi Nominal | 27-20\c, 20 e Noninel | 28 Ve naminal 10 Vi ok
Thrust type/magnitude 10 to 40 mN (continuous, variable) at 22 psia . o B P T W
oWty | <SWEBWGAC | sWainkclog | XWORWAC | . EVKGIT o
i i L g wo 11
Delta-V (m/S) 35 m/s for a 500 kg spacecraft, calculated il Resistancs 86 Ohms al 20°C (B8F) | 26.80Nhmsal 20°C (B°F) | 75 Chms ab20°C(BA°F) | 23 Obmaat 20°C (B3°F) ?"frg'.}m:?g:%‘”’"
) o . . < 3.5 masc @ 28 Vi, , - I 0
Propellant Gaseous Nitrogen e <zome 3.8 per (210 s <o 4 e <10
. . Respinzs — Closing < 2.5 mses ﬁ?é%sﬁz%ugfs}g; < 3 mseg <4 masc <10 msss
Power consum ption (W) 10W valve open, 1W holding Lile {Cycles) 500,000 - 2,000,000 0,000 1,000,000 > 10,000 100,000
i E0°C 10 4B -A0°C 1o 4B 25°C i 4750 -40°C o <50 717G to 4607
) ) ) Operating Temperahre | S e (40 1 < 140°F (13 1 167 A0°F 1+ 140°F F4°T 10 4 140°)
Flight heritage (if any) CHAMP (2000), GRACE (2002) Inkt Filation nore 10 miron Asate 40 miron Absoe 1 mizon Absolute 25 mikron Absolite
. . Dinenziss m4 rulggc‘i;'fallarg_lluuu 214 I'%I'I:: xSc:"z'uxEEI.:[IZI'I]I g m HI:E!IEII.I':':E?E 1:31]rIEl|‘r|| lang HE'EIIEE:EE!&J{I.I[I]E;I long EQ_’;&A&;; gllil“.ll’u
CO mmercl al |y aval I ab | e YES Mazs 40 grams (009 |be) 16 grams (01035 bm) 0 grams (0.1% ken) 23 grares (.05 bm) 115 grams mege [0L25 lbm)
Heritaga CHAMP and GRACE EIRTF SIRTF Classéind Mission | SAFER, SO, Piuio Fast Fighy G20 applications
DERET43
Last Updated 01/2019 Model Ho, HE%}E DS8E1424 [BBEA5] 058-118 SEE1BIA

Additional comments:

[Reference 1-4][Jan 2019][General info]

CHAMP was a three-axis stabilized (Earth pointing) spacecraft with three magnetorquers and cold gas propulsion for attitude and orbit change maneuvers. The spacecraft weighed 522 kg
(including 30 kg of propellant). GRACE is an international cooperative US-German dual-minisatellite SST (Satellite-to-Satellite Tracking) geodetic mission with the overall objective of
obtaining long-term data with unprecedented accuracy for global (high-resolution) models of the mean and the time-variable components of the Earth's gravity field (a new model of the
Earth's gravity field every 30 days for five years). GRACE is also part of NASA's ESSP (Earth System Science Pathfinder) program. The spacecraft weighed 432 kg, with 34 kg propellant.

The manufacturer claims 500,000 to 2 million life cycles. From the manufacturer’s website:

“Moog cold gas thruster valves are direct-acting, solenoid actuated devices with a nylon poppet which is integrated in the armature/poppet assembly. In the de-energized closed position,
the armature/poppet assembly is held against the seat by a conical spiral spring. The valve is opened when the electromagnetic force of the coil overcomes the spring pre-load and the
armature/poppet assembly lifts from the seat allowing gas to flow. De-energizing the coil causes the magnetic field to decay and the spring preload forces returns the armature assembly
to its seat providing leak tight gas shut off. Moog produces cold gas thrusters in a variety of thrust ranges to meet mission requirements. Typical thrusts range from 10mN to 4N. Moog

cold gas thrusters have flown on SAFER, SIRTF, CHAMP, GRACE, Pluto Fast Flyby, and DOD classified missions.”

e @9
TRL Aerospace-tested

References:

[1] Bzibziak, R., “Update of Cold Gas Propulsion at Moog,” Spacecraft Propulsion, Third International Conference held 10-13 October, 2000 at Cannes, France.
[2] https://directory.eoportal.org/web/eoportal/satellite-missions/c-missions/champ

[3] https://directory.eoportal.org/web/eoportal/satellite-missions/g/grace

[4] https:/imww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
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Cold Gas Thruster Model No. 058E142A (MOOG)

Cold gas

¥

Parameter
Manufacturer/Country Moog (USA) (formerly AMPAC In-Space
Propulsion, ISP)
Fropellant Gh; G Gy BNz, GAz Xa
+ hhsieria Staiiess Sl Fuorsilcone | Stainkss Sleel, Nylon Slainless Steel, AFE41] Stainless Sieel, Nylon Stainless Steel Vespel
TRL 8
20 m (00022 [17), 1.3 N @ 0 bar
oot | SHEOR) | G SONRIML, | oSN, | o IO o | ool IR B
. . . H —_ ul A r paia) ir Sud| ez § | i il
Size (including PPU) 14 mm diameter x 20 mm long, mass = 169 @ 1.5 bar [21.75 psis) B4 ’ ' s o0d GAr et
i 21 sac da
[valve hardware only, does not include tank or i Irpuies (ow) - ea e o oo 7 eer e
PPU] 54 580 B
MECP 10,0 bar {145 psla] 207 bar (300 psia) #7.6 bar (400 paia) 15.7 bar (230 psia) 186 bar (2700 psia)
. . . Variable (flown on SIRTF, large spacecraft Proof 2010 bar {200 peial 41 4 bar (800 psi) 7000 bar (10718 peia) 76.9 bar (1115 psial 270 bar (4060 paia)
Design satellite size ( 9e sp ) Burst 40.0 bar (560 psia) 82,7 bar {12110 psi) 11,4 bar (1615 psia) 155 ber (2250 psia] 465 bar (6750 psia)
{11 scch Gl - (31 soem G - 241 scem Gl 1.0 10+ scos GH
Isp (S) 57s Leakege - Infernial @ 2.5 ber (36 ped) & 13.8 bar (200 peid) < 2B 10 sl GHe @ 41 ber (50 psg) R
Lagkane —Fxiemd < 1010 s B < 1.0010¥ sceis GHe - 1.0 10 s BH < 1.0 accn GN: <1.0 % 10°¥ sccs GHe
HEL =l s Ge & 27, bar (400 psid] = s alle @41 bar (E0 psg) &@ MEDP
Thrust type/magnitude 120 mN at 100 psia Operating Votage | 22752105 2BCe Nomial, | 7.0 g, 28V Nominal | 20-34 Ve, 28 Vide Nominal | 27-20dc, 20 Vo Maminel | 28V nominal, 10 Vi hok
115 W nominal @
) > < 105 W @ 28 Ve, 20°C e u
Perer 0'W apen, 1 W holding <35 W& 28 g, 20°C 1.5W @ 10 Wic [holirg) 30W @ 29 Vg, 20°C L @E@:ﬂ"%ﬁjﬂ% volage
ol Aesistancs 86 Ohms al 20°C (68°F) | 268Chmsal20°C (BE°F) | 75 Chmsal20°C [B8°F) | 22 Ohmsat 20°C (B2°F) H -jrgqmﬁ?‘%‘“'
Delta-V (m/s) ~40 m/s for 500 kg spacecraft, calculated A ’: P ————— . » 1 »
sponse — Opening <25 e 1.8 ber 200 psid) < b msec < 4 e <10 mses
Prope”ant Gaseous nitrogen Rasponsa — Closing < 2.5 meec {Eé_&aﬁguzfs}g; < B maer < i mBaE <10 maas
Life {Cycless) §00,000 — 2,000,000 20,000 1,000,000 = 10,000 = 100,000
i <35W at 28 VDC . E0°C 104 BT -A0°C fo 4+ BOPE 250 475 -A0°C tn < 60°C TGt 460
POW er consum ptl on (W) Dperaling Temperature [-BE°F o +140°7) (4IF 1 +140°F) -13F 1 +167°F) (=407 t + 140°F) [-54°F fo 4+ 140°F)
. . . . Imlet Filtration none 10 miron Ahsoluz 41 micron Ahsohriz 11 micron Absolute 25 micron Absolute
FI | g ht h e”tag e (|f an y) SIRTF aka Spltzer Space Telescope (SST) (2003) Dimenzioas 014 mim x5 mm long @4 mim w2003 mim g BIUA mm x4 mm lang BE.B mmx 25,4 mem bong BEE.6 551 mm lng
10,55 x 225" WB0.55" % 0LEY {B0.75" 1 1.67 [@0.26" x 1.0 (B0.04%x 217
H H YES Muss 20 grams (10.09 |bm) 16 grams {0,035 bm) 0 grams (0.7% k) 23 grames (.02 bm) 115 grams mexe [0.25 |bim)
Commercial ly available Heritena CHAMP and GRACE GIRTF SIRTF. Cassifad Misscn | SAFER, SCIT, Piuto Fast iy GED applications
OSBE143
Last updated 01/2019 Model Ho, EE%E D59E1424 D&BE15] (58-118 S8E163A

Additional comments:

[Reference 1-4][Jan 2019][General info]

The Spitzer Space Telescope (SST), formerly the Space Infrared Telescope Facility (SIRTF), is an infrared space telescope launched in 2003 and still operating as of 2018. It is the fourth

and final of the NASA Great Observatories program. SIRTF had a launch mass of 950 kg, of which ~70 kg was propellant.
The manufacturer claims 20,000 life cycles. From the manufacturer’s website:

“Moog cold gas thruster valves are direct-acting, solenoid actuated devices with a nylon poppet which is integrated in the armature/poppet assembly. In the de-energized closed position,
the armature/poppet assembly is held against the seat by a conical spiral spring. The valve is opened when the electromagnetic force of the coil overcomes the spring pre-load and the
armature/poppet assembly lifts from the seat allowing gas to flow. De-energizing the coil causes the magnetic field to decay and the spring preload forces returns the armature assembly
to its seat providing leak tight gas shut off. Moog produces cold gas thrusters in a variety of thrust ranges to meet mission requirements. Typical thrusts range from 10mN to 4N. Moog

cold gas thrusters have flown on SAFER, SIRTF, CHAMP, GRACE, Pluto Fast Flyby, and DOD classified missions.”

e @9
TRL Aerospace-tested

References:

[1] Bzibziak, R., “Update of Cold Gas Propulsion at Moog,” Spacecraft Propulsion, Third International Conference held 10-13 October, 2000 at Cannes, France.
[2] https://mww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html

[3] https://en.wikipedia.org/wiki/Spitzer_Space_Telescope
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Cold Gas Thruster Model No. 058E151 (MOOG)

Cold gas

Moog (USA) (formerly AMPAC In-Space
Propulsion, ISP)

8+
19 mm diameter x 41 mm long, mass = 70g

[valve hardware only, does not include tank or
PPU]

Variable (flown on SIRTF, large spacecraft)
65s

120 mN at 100 psia

~40 m/s for 500 kg spacecraft

Gaseous nitrogen, Xenon

<10.5W at 28 VDC, 1.5W (holding)

SIRTF aka Spitzer Space Telescope (SST)

(2003)
+ classified mission

YES

01/2019

[Reference 1-3][Jan 2019][General info]

The Spitzer Space Telescope (SST), formerly the Space Infrared Telescope Facility (SIRTF), is an infrared space telescope launched in 2003 and still operating as of 2018. It is the fourth

¥

Parameter
Propallant GH; !i GN; GN; Gla GNz, GAL %8
Miaterial Stainless Steel Fuorsilicone | Stankss Steel, Nylan Sinless Steel, AFE1 Stainless Skeel, Wylon Slainless Steel Vespel
E mn IHE%E Igl 120 m (0,027 Ik 120 mik (0,027 Ibf 36N (0.8 ki 1'&][\‘ @ggelfm
. 16 il 10,0035 |k mi [0, f il (0027 IBF) LGN 113 ) K Inket,
e 40 mN (9.00001 @ 6.0 bar (100 o5k ¥y | @ 6. bar (100 palal G4 | @15.7 bar (230 paJaJ i | 09N 3 000 {1300 pa)
& 1.5 bar [21.75 psig) Gh: GNz and GAr inlet
21 sec 2
Specific Impulza (Nom) = il sag =T B6 sec 57 Bec T s GH?
54 gan GlAr
MECP 1000 bar (145 psia) 207 bar {300 psia) 276 bar (400 pala) 167 bar (230 psin) 186 bar {2700 peis)
Proof 20.0 bar {290 peia} 414 bar {800 pai) 70.0bar (1015 peia) 76.9 bar {1115 psia) 274 bar (4060 psia)
Burst A0.0 bar (580 psia) B2.7 bar {1201 psia) 1114 bar {1615 psig) 155 bar (2250 psia) 4E5 har (6750 paia)
= (11 scch G = .1 5ecm GNz n = A1 seem GNe < 1.00% 10* 5605 GHe
Leakage - Inkernal @ 2.5 ber (36 psi) @ 13.8 bar (200 psid) < 2.6¢10“ scofs BHe @41 bar (60 psg) @ MEDP
; e = 1.010°F sceis GHe P = 1,0 scom GN 1.0 % 10F socs GHe
Lsakape —Extemal | < 1.010° suls GHe @ 27.6 bar (400 psid) = 1Ol sccds Glle @41 bar (£0 psg) @ MEDP
Operating Vottage | 2252 175 ZICENOMPL | 5729, 20 Vo Nominal | 22-34 W, 28V vl | 2720/, 20 Wk Maminal | 28 i nominl, 10 Vi ok
10.5 W nominal @
Power 10Wopen, 1 Whoidrg | <I8W@2BWE 20T | 5 oy id it ok | 30W:@ 28V, 20°C 2\ @ 21°T,
: o) 1.3 & 10 VDc hokdng vellage
il Resislancs 86 Ohms al 20°C (68F) | 268 Ohmsal 20°C(BB°F) | 75 Chws at 20°CBE°F) | 22 Ohms at 20°C B2°F) ?d-irQQEﬁg"i'
) E < 3.5 mzac & 28 Vdc, . | fi
Resporss — Opening <26 e 13, ber [200 psid) < b maec < 4 TEes <10 mgae
Respansa — Closing < 2.5 mses {%{é.tsﬁzﬁu:uzfs};f < 3 mses < 4 mesc < 10 maes
Life {Cydes) 500,000 — 2,000,000 20,000 1,000,000 = 10,000 = 100,000
v S0PC 0 4 0P -A0°C 1+ BO°C 50 mATRR -A0°C t <607 TG to 460G
Dperating Temperaturs [-5E°F 10 +140°F) -40°F 1 +140°F) I-13°F 10+ 167°F) (-40°F to +140°F) [-64°F 10 4+ 140°F)
Inket Filtration nonE 10 iz ron Ansol iz 4{) micron Absohiiz 10 miczon Abaolute 25 micron Absolute
; ; 014 mm x 3 mm leng @14 mim w 203 mim g U mm x4 mim lang BE.6 mm x 25.4 men long P30 £ 531 mm long
LTEE 00.55"x 2.257) {90.55 X 089 (00.75" % 1.6) (80.26%x 1,07 i00,94°x 2,17
Muzs 40 grams (0.09 [bm) 16 grams 01035 bm) 10 grams (0.1% lbm) 23 grames (.05 bm) 115 grams mexe [0.25 |bm)
Heritaga CHAMP and GRACE SIRTF SIRTF. Clasaénd Misson | SAFER, SCIT, Pluio Fast Py GED applications
DERE143
P¥lodel b, 050E145 [5aE1428 {5HE151 58-18 SHE1B34
NEBE1 46

and final of the NASA Great Observatories program. SIRTF had a launch mass of 950 kg, of which ~70kg was propellant.
The manufacturer claims 20,000 life cycles. From the manufacturer’s website:

“Moog cold gas thruster valves are direct-acting, solenoid actuated devices with a nylon poppet which is integrated in the armature/poppet assembly. In the de-energized closed position,
the armature/poppet assembly is held against the seat by a conical spiral spring. The valve is opened when the electromagnetic force of the coil overcomes the spring pre-load and the
armature/poppet assembly lifts from the seat allowing gas to flow. De-energizing the coil causes the magnetic field to decay and the spring preload forces returns the armature assembly
to its seat providing leak tight gas shut off. Moog produces cold gas thrusters in a variety of thrust ranges to meet mission requirements. Typical thrusts range from 10mN to 4N. Moog
cold gas thrusters have flown on SAFER, SIRTF, CHAMP, GRACE, Pluto Fast Flyby, and DOD classified missions.”

References:

[1] Bzibziak, R., “Update of Cold Gas Propulsion at Moog,” Spacecraft Propulsion, Third International Conference held 10-13 October, 2000 at Cannes, France.

[2] https://mww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
[3] https://en.wikipedia.org/wiki/Spitzer_Space_Telescope

41

DISTRO A: Approved for public release. OTR-2024-00338

==,

3+

Comm. avail.

TRL Aerospace-tested



Propulsion Technology

Manufacturer/Country
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Delta-V (m/s)

Propellant

Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338

Cold Gas Thruster Model No. 058-118 (MOOG)

Cold gas

Moog (USA) (formerly AMPAC In-Space Propulsion, ISP)

8+

6.6 mm diameter x 25.4 mm long, mass = 70g, valve only
Variable (flown on large spacecraft)

65s

3.6N at 230 psia

~40 m/s for 500 kg spacecraft
Gaseous nitrogen
30W at 28 VDC

SAFER, SCIT, Pluto Fast Flyby (aka Pluto Kuiper Express
and Pluto Express)

YES

01/2019

[Reference 1-2][Jan 2019][General info]

Simplified Aid For EVA Rescue (SAFER) is a small, self-contained, propulsive backpack system (jet pack) worn during spacewalks to be used in case of emergency only. If an untethered astronaut were to lose physical

Propsllant Gh M [ELE] &N, 3k, Gy, e
Whaterial Stainkesa Sipal, Fuorsiicons Stainkss Sted, Myl Sainless Bwel, AFE411 Sinless Senl, Mvion Stainlkesa e, Vespal
10 el (UG ) 1.3 W & 40 bar
o bl Thiaset 16 mil 00036 k| 120 miM [11.0T IF) 120wl [0L0ET I} S6 N L8 lo) rl'ﬂﬂ[‘ﬁﬁal}bh o,
40 mbd Q090 12 @ 6.9 bar (100 p=al GN, @G0 bar (100 pela) b | 157 bar (230 paia) GM | 0.98 i@ 00 bar (F300 paia)
@ 1.5kar (21,75 psig) GN: Gk and iy milkel
) i i 2Masche
Specific Frpulse (Nom) EY U =57 5 6 sar 57 s Tl 5o A2
G gec GAr
MEOF 1L her {145 pai) 04 bz (300 peis) 4.6 bar (100 peia) 157 bar (230 paia] THE hiar |90 peid)
Proot 21U b {250 pal) A4 bar (E00 pa iy P00 bar | 1S peia) 6.9 bar 1115 pela) 21% bar |00 pala)
Bursi 40,1} hew (BEQ i) 82,7 b [1200 psia) 1914 bar (1815 psi] 155 bey (225 prsin) 485 bar (BT 5] pain)
< (1.1 acch Gha < 0.1 seom Gha .0 PR < 21 szom Ghl < 1.0% W eocs GHe
Leaksaga - intamdl & 2.5 bar (35 peid] & 13,8 bar {200 pekd) < 2Bl socie e @ 4.1 bar (0 peig) @ NEDP
nsiinge — Falernd o« 1,010 su’s GHe < 10610 suchk Gl o 1A E sl GHe o< 10 oo Gh = I-."'A.-'n i e

F2-X2\Wc, 2 o Nominal

@ FTH b 200 psid)

4,1 bar (B0 peig

COperating Yotage 11 ¥dc Hokdng 27-20 Ve, 28'Vdc Nominal | 22-3 Vo, 20Ve Mominal | 27-20°dc, 28 Ve Nomind | 28 Wi nominal, 10 Wiz Fold
| . . | 05 W nopmingl @
Pewar 10W open, 1'W halcing =< J5 W 20w APL 1 ll‘.;x r;?.iﬂ!.ﬂ?lnﬁq SOV @ 21N, AL 28 ¥ & 2T,
g 1.8 & 10 VD hading velage
Col Resistanca | 86 Ohma at2(°C G6°F) | Z650hman2FCERF | 750hreatZ0°CEEF | 28Dbmaat 20° 58°F) 145 De porina
i
R Y Ta— f.'_3:;53rr!hﬂ_ri:ﬁuiuﬁpﬂq':§3 <G macc < 4 maee <10 s
Fespiree - Cksing oo 7.5 e ‘:.:!-fi;"::_":?iﬁnylli‘-:i: o i MR oo TeeG o 11 miss
Lile (Cyies) A0, 0T — 2,000,000 20,000 1,100,100 = 10,000 = 11,000
1 SIPC b+ BTG -4 o 6070 -EEC D T -40°C 10 +60°C T0°G f0 G0N
Dpsrating Temparatirs [-58°F fr + [D°F) (-A0°F 1 + [ 40°F) [-13F o+ 167°F) (-40°F o+ 140FR) ~47F o -+ 7R
Inkst Fitration nona 10 micron Abeok te Al mkron Ak 11 micemon Abeits 25 micrn Abeolits
e A mm 1 57 mm loey @14 mmx 20.3 mm oy @101 mm x &1 ram keny BE A e x 5.4 mom ong BP0« 531 mm kng
ME0be" s L4 (BLER" ¢ LLHT) Bi.re" e 1.87) |80 26" % 1.07 [ A
s 40 grams (.04 k) 1E grams {1,035 bm| i grams {115 bmi 23 grars (205 thm) [ 115 grams mae 0,25 lhm)
Heriaga LCHAMP and GRALE SEIF HRIF, Daitied Mizsion ShrER, 5011, Pulo Fast FHyby (aED applicators
[55E143
Todsl Mo LEEE145 ISHEI4EN 05&E151 058-118 CEETGAA
DEEE146

contact with the vessel, it would provide free-flying mobility to return to it. It is worn on spacewalks outside the International Space Station (ISS) and was worn on spacewalks outside the Space Shuttle. So far, there has not
been an emergency in which it was needed. SAFER is a small, simplified version of the Manned Maneuvering Unit (MMU), which was used for regular maneuvering. EVA stands for extravehicular activities. SAFER was first
flown on STS-64 September 9, 1994, when an untethered flight test was performed first by astronaut Mark Lee and then Carl Meade. Both astronauts flew the SAFER up and around the Shuttle's Robotic Arm along with a
demonstration test of the SAFER's automatic attitude hold feature. This feature arrests uncontrolled rotation of a detached crewmember expected in an accidental separation. SAFER has a mass of approximately 83 Ibs

(38 kg) and can provide a total change in velocity (delta-v) of at least 10 ft/s (3 m/s). It was also tested during flight STS-92 when astronauts Wisoff and Lopez-Alegria performed test maneuvers, flying up to 50 feet while
remaining tethered to the spacecraft.

Originally conceived as Pluto Fast Flyby, and later briefly named Pluto Express, the mission was inspired by a 1991 United States Postal Service stamp that branded Pluto as "Not Yet Explored". While the project was initiated
in 1992, the project's development phase was lengthy, spending nearly a decade in the proposal and funding stage. During planning, the mission was changed to include a Kuiper belt object flyby and re-christened the Pluto
Kuiper Express, after the discovery of numerous such objects beyond Neptune in the mid-to-late 1990s. NASA ultimately decided to cancel the mission in 2000, however, citing the project's expanding budget as the ultimate
reason for the cancellation. After the mission's cancellation, most of the Pluto Fast Flyby team, including Stern, went on to develop New Horizons, a mission nearly identical to Pluto Kuiper Express, for NASA's New Frontiers
program. The spacecraft was successfully launched in January 2006, after a financial standoff with NASA and additional delays, and went on to perform the first ever flyby of the Pluto-Charon system in July 2015.
The manufacturer claims 10,000 life cycles. From the manufacturer’s website:
“Moog cold gas thruster valves are direct-acting, solenoid actuated devices with a nylon poppet which is integrated in the armature/poppet assembly. In the de-energized closed position, the armature/poppet assembly is held

against the seat by a conical spiral spring. The valve is opened when the electromagnetic force of the coil overcomes the spring pre-load and the armature/poppet assembly lifts from the seat allowing gas to flow. De-

energizing the coil causes the magnetic field to decay and the spring preload forces returns the armature assembly to its seat providing leak tight gas shut off. Moog produces cold gas thrusters in a variety of thrust ranges to
meet mission requirements. Typical thrusts range from 10mN to 4N. Moog cold gas thrusters have flown on SAFER, SIRTF, CHAMP, GRACE, Pluto Fast Flyby, and DOD classified missions.”

References:

[1] Bzibziak, R., “Update of Cold Gas Propulsion at Moog,” Spacecraft Propulsion, Third International Conference held 10-13 October, 2000 at Cannes, France.

[2] https://mww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
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Cold Gas Thruster Model No. 58E163A (MOOG)

Cold gas

B

/

Manufacturer/Country Moog (USA) (formerly AMPAC In-Space Paramater
Propulsion, ISP)
Propellant M =T GMz G M, GAr, Yo
TRL 8 Matesial Stainless Seel, Fuorosiicone | Stainless Stesl, Nylon Stainkess Steel, AFE41T Stairless Stesl, Hylon Stainless Steel, Vespsl
10 mN [0.0022 Ihp. 13N @ 00 bar
T - | BGUEY | DG | o SRIAEN | o st o | ool S5 RS
Size (InC|Ud|ng PPU) 23.8 mm diameter x 53.1 mm long, mass @1.btrgr|’;{..rt.psi.a]}nn? R0 pe Al fber (ROp B i e L‘.Hzand%&lirhlmpsm
= 21 sacXa
[ 1|159h d | d t . | d Spacific Impulse [Nom) = B sec T Gosec 57 sec fjlilqsec %r-f
valve nardware only, aoes not inciuae 9% 396 BA
tan k/PPU] y MEDP 10.0 bar [145 pia) 0.7 bar (300 psia) 27 6 bar (400 pia) 16,7 bar [230 paia) 186 bar {2700 psia)
Proaf 20,0 bar (290 k) 41,4 bar (800 peia) 70.0 bar (1015 psia) 76.0 biar (1115 psi) 270 bar (4050 psta)
Desi tellit . VEre Barst 40,0 bar [580 psia) 82.7 bar (1200 psia) 1114 bar (161 psia) 155 bar (2250 psia) 465 bar (5750 psia)
esign satellite size < 011 scch Bl = 0.1 scom GH; . < 2.0 scem Gl < 1.0 10 socs Glie
9 Leakage - Intermal @ 2.5 bar (36 psid) @ 13.8 bar (200 psid) < 26010 soofs Ghie @ 41 br (50 peid @ MEOP
1.0x10 scois GH i | 1,0 scom Gy 1.0 %107 sccs GH
Isp (s) 21s (Xe), 70s (GN2), 54s (Ar) lechoge “Extrmal | <10n0°subGte | @g7bvarfionped) | < MO0wisGHe | g ber (60 pe " em
Operating Yoltage 22“”’%3%%%‘3“&@“” 27-20 Vo, 2BV Nominal | 22-34 Vo, 28VdcNominal | 27-20Vdc, 28 Ve Nominal | 28 Vide nominal, 10 Vi hal
i 1.3N at 90 bar . 10.5W nominal @
ThrUSt type/m agnItUde Pawar 10W opan, 1 W haolding < 35W& 28 Ve, 2000 ?gﬂﬁg%ﬁﬂc.ﬁn C AW @ 28 W, 20°C 2Hvde @ 21°C,
- (halding) 1.3W @ 10VDc holding vafage
Delta-V (m /S) Coll Resistance 86 Ohms a1 20°C (BB | 26.80hmsat20°C (B8] | 75Ohmsat20°C(58°F) | 28 Ohms at 20°C (B2°F) s g},’[ﬁﬁrﬁ,{‘f"a'
Responss — Opening < 25 msse = 133%"@?2%&?&? < b meas < 4 masc <10 st
Gaseous nitrogen, Xenon, Argon
Prope”ant g ! ! g Responsze — Cloging < 2.5 meac ﬁeﬁg”%ﬁf&% < 3 mea < 4 meec <10 mec
. : Life {Cycas) 500,000 — 2,000,000 20,000 1,000,000 = 10,000 = 100,000
<
Power Consumptlon (W) 10.5W at 28 VDC, 1.3W (holding) elina Temoerafine SIFC 1o+ B0 4050 10 +60°C 2590 in 4750 4040 10 +60°C TOC to +B01°C
Dperating Tempe [-58°F to +140°F) (-40°F o +140°F) (13 to +167°F) (-40°F to +140°F) (-04°F to +140°F)
F||ght heritage (|f any) GEO applications Inlet Ritration nane 110 mnicron Absolute 4 mieron Absolute: 10 micron Absclute 25 micron Absehite
imensions B4 mmx bl rnmlluu;l @14 mm x 20.3 mm long #19.1 mm {41 mm lang 6.6 mm x ?_h.4 mm long o bx h.:l mim kg
0,55 x 2.25% [D0.55" % 0.87) {@0.75" %167 (00,267 % 1.07 £0.04" % 2.17
CO mmerc | al |y avai | ab | e YES Mass A0 prams (0.00 Ibim) 16 grams [[L035 ko) 70 grams {015 Iben) 23 grams {0.05 |bm) 115 grams me [0.25 lbm)
Hevitage CHAMP and GRAGE SIRTF SRTF, Classified Mission | SAFER, S0IT, Pluto Fast Fhyby BED applications
0SAE143
Last updated 02/2019 Madai Mo, EEEE}:E SAE1424 58E151 058-118 SBE163A

Additional comments:

[Reference 1][Feb 2019][General info]

“Moog cold gas thruster valves are direct-acting, solenoid actuated devices with a nylon poppet which is integrated in the armature/poppet assembly. In the de-energized closed position,
the armature/poppet assembly is held against the seat by a conical spiral spring. The valve is opened when the electromagnetic force of the coil overcomes the spring pre-load and the
armature/poppet assembly lifts from the seat allowing gas to flow. De-energizing the coil causes the magnetic field to decay and the spring preload forces returns the armature assembly
to its seat providing leak tight gas shut off. Moog produces cold gas thrusters in a variety of thrust ranges to meet mission requirements. Typical thrusts range from 10mN to 4N. Moog
cold gas thrusters have flown on SAFER, SIRTF, CHAMP, GRACE, Pluto Fast Flyby, and DOD classified missions.”

References:
[1] https://mwww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
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Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)

Design satellite size

Isp (s)

Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

DST-11H MOOG

Bi-prop

MOOG (USA)

8

10.3” length
27U+

310s

22N (continuous)

Hydrazine/MON
41 W (valve)

Extensive. Intelsat, BepiColombo,
Wild Geese, Tenacious, GOES-R

YES

02/2019

[Reference 1][Feb 2019][General info]
Moog is a world leader in Bipropellant attitude control propulsion for commercial and defense satellites. Our DST family of 5 Ibf thrusters combines a high performance injector design

with a high temperature Platinum/Rhodium chamber to provide industry leading performance in both steady state and pulse mode operation. We also supply our heritage 5 Ibf and 2 Ibf

DISTRO A: Approved for public release. OTR-2024-00338

D5T-11H DsT-12
@ -

Design ‘/ g/
Propeliant Hydrazine/MON MMHMCRH MMHMON MMHMON
Nominal Seady State Thrust & ot (22H) 5 Ibf (22N) 5 Ibf [22M) 5 Iof (224)
Fed Pressuns &0 — 400 paia (5.5 — 27.6 bar) il = 400 psia 4.1 - 276 bar) 80 - 400 paia (5.5 - 27,6 bar) 39 - 320 psia (2.8 - 22.1 bar
MNozzie Expansion 300:1 300:1 3001 150:1/300:1
Morninal Mixture Ratio 085 1.61 165 1.611.65
Yahe Solenoid Latching Torque Motor Solenoid Latching Torgue Motor or Solenoid
6 watts max [Laich] ?E walts ma:tUELﬂJ;I';‘Jﬂ
41 watts max ma {1 41 watts max WaTis max (prima
Vv Fower (2 coks wired in series i it} 12 cols wired in setes) ol Pl
15.6 watts max (solenoid)
Mass 1.7 Ibm [0.77 kg) 1.4 Ibm {0.64 kg) 1.5 Ibm {10.68 kgl 1.4— 200 b (064 - 0.4 kg)
Length 10.3in (262 mm) Q.6 in (244 mm) 10.4 in (264 mm) 0.7-13.5in (248 - 343 mm)
Chamber Material Platinumy/Fhodium Alley Platinum:Fhodium Aoy Flatinum/Rhodium Alloy C-103
Performance D5T-11H D5T-12 D5T-13 5 Ibf
Specific Impulss 310 gacs 302 sacs 208 secs 288 sacs/ 202 pecs
Throughput 007 kg (2000 lom 1073 kg (2365 lm) 637 kg (1404 Ibmi 484 kg (1068 lbm)
Intesat, BepiColombo, Asaat 5, Telstar, ET5-8, 0255, Superbird-7
Programs Wid , SELIEL ), 1SS, NASA SO0 - perird-4
Tenacious, GOES-A Himawari, Turksat ST-2, WGS, Intelsat
~ D5T-11H provides ] ] ing has been in production
Hiahliahts highest performance avallable DET-12113 Provides highest performance avallabie or mode than 30 years,
ighlig in a hydrazime’ in MMHMON ACS Thruster with = 2000 daliwered
MON Thruster and flown

thrusters, which have been providing reliable attitude control for more than twenty years. Moog ACS engines have been the industry standard with more than 2,000 delivered.

DST-11H provides highest performance available in a hydrazine/MON ACS thruster.

References:

[1] https://lwww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
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Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)

Design satellite size

Isp (s)

Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

Bi-prop

MOOG (USA)

8

9.6” length
27U+
302s

22N (continuous)

MMH/MON
9W max

Extensive. AsiaSatb, Telstar,
Himawari, Turksat.

YES

02/2019

[Reference 1][Feb 2019][General info]
Moog is a world leader in Bipropellant attitude control propulsion for commercial and defense satellites. Our DST family of 5 Ibf thrusters combines a high performance injector design

with a high temperature Platinum/Rhodium chamber to provide industry leading performance in both steady state and pulse mode operation. We also supply our heritage 5 Ibf and 2 Ibf

DISTRO A: Approved for public release. OTR-2024-00338
DST-12 MOOG

D5T-11H DsT-12

Design ‘/ - %/
Propellant Hydrazine/MON MIMHMOR MMHMON MMHMAON
Nominal Seady State Thrust & ot (22H) 5 Ibf (22N) 5 Ibf [22M) 5 Iof (224)
Feexd Pressune &0 — 400 psia (5.5 ~ 276 bar) i) = 400 psia (4.1 - Z7.6 bar) B0 ~ 400 psi (5.5 - 27.6 bar} 30 - 320 psia (2.8 - 22.1 bar)
MNozzie Expansion 3004 300:1 3001 150:1/300:1
Morninal Mixture Ratio 085 1.61 1.65 1.611.65
Yahe Solenoid Latching Torque Motor Solenoid Latching Torgue Motor or Solenoid
6 watts max [Laich] ?E walts ma:tUELﬂJ;I';‘Jﬂ
41 watts max ma {1 41 watts max WaTis max (prima
Valve Fower (2 coks wired in series i it} 12 cols wired in setes) ol Pl
15.6 watts max (solenoid)
Mass 1.7 Ibm [0.77 kg) 1.4 Ibm {0.64 kg) 1.5 Ibm {10.68 kgl 1.4— 200 b (064 - 0.4 kg)
Length 10.3in (262 mm) Q.6 in (244 mm) 10.4 in (264 mm) 0.7-13.5in (248 - 343 mm)
Chamber Material Platinumy/Fhodium Alley Platinum:Fhodium Aoy Flatinum/Rhodium Alloy C-103
Performance DST-11H DsT-12 DST-13 5 |bf
Specific Impulss 310 gacs 302 sacs 208 secs 288 sacs/ 202 pecs
Throughput 007 kg (2000 lom 1073 kg (2365 lm) 637 kg (1404 Ibmi 484 kg (1068 lbm)
Intesat, BepiColombo, Asaat 5, Telstar, ET5-8, 0255, Superbird-7
Programs Wid Geese, R v, NASA 5D0 - peria-1.
Tenacious, GOES-A Himawari, Turksat 5T-2, WSS, Intelzat
~ D5T-11H provides ] ] ing has been in production
Hiahliahts highest performance avallable DET-12113 Provides highest performance avallabie or mode than 30 years,
Ighlig in a hydrane’ in MMHMON ACS Thruster with = 2000 daliverad
MON Thruster and fiown

thrusters, which have been providing reliable attitude control for more than twenty years. Moog ACS engines have been the industry standard with more than 2,000 delivered.

DST-12/13 provides highest performance available in MMH/MON ACS thruster.

References:

[1] https://lwww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html
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DST-13 MOOG

Propulsion Technology Bi-prop

Manufacturer/Country MOOG (USA)

D5T-11H DsT-12
Design = @ '
TRL 8 ‘/ ] %/ @ /
Size (including PPU) 10.4” length !

Propeliant HydrazineM0N MAHMON MKMHMOMN MMHMON
c : 0 27U+ Mominal Sieady State Thrust 5 lof (22M) 5 I (Z2) 5 Ibf [22M) 5 It (22M)
DeSIQn Satelllte e Feed Pressune 80 ~ 400 paia (5.5 ~ 276 bar) Bl = 400 psia (4.1 - 27.6 bar) B0 = 400 pa@a (5.5 - 27,6 bar} 30 - 320 peia (2.8 - 22.1 bar}
|Sp (S) 208s I'h:lzzhEmam : 300:1 300:1 3001 150: 130041
Norminal Mixture Ratio 085 1.61 165 1.611.65
. . Yahe Sokenond Latching T Moko: Solencid Latching T Miodor or Solenoid
Thrust type/magnitude 22N (continuous) = B - m: ,:rm [L:,crhj =
& watts masx {Latch) T wiztis max (primarny)
41 watts e 41 watts
Valve Fower (2 ot vired I e i it} (2 cols wieed 0 e ol Pl
15.6 watts max (solenoid)
Mass 1.7 bm (077 k) 1.4 Ibm {0.64 kg) 1.5 Ibm 0,68 kgl 1.8 - 2.0 bm {064 — 0.1 kg)
Delta-V (m/s) Length 10.3in (262 mim) 0.6 in (244 mem)] 10.4 in (264 mm) 0.7-13.5n (248 - 343 mm)
Chamber Material Platinumy/Fhodium Alley Platinum:Fhodium Aoy Flatinum/Rhodium Alloy C-103
Pro pel lant ST EIE Performance D5T-11H D5T-12 D5T-13 S Ibf
Power Consumption (W) 41W max (valve) Specific Impulss 310 gacs 302 sacs 208 secs 288 sacs/ 202 secs
Throughput 907 kg {2000 lomi 1073 kg (2365 bbm) 637 kg (1404 Ibmi 484 kg (1068 lbm)

i ' ' NASA SDO Intelsat, BepiColombo, AsaSat 5, Telstar, ETS-8, 0255, Superbird-7,
Flight heritage (if any) Programs ngi%s_n posat Tt NASA 500 -6,0255 Supti
Commercially available YES ~ DST-11H provides. _ _ ine has been in production

Highlights highest performance avallable DET-12/13 Prowides highest performance availaie or it than 30 years,
in a Iydrazine’ in MMHMAON ACS Thiuster with = 2000 daliverad
Last updated 02/2019 MON ACS Thuster ey

Additional comments:

[Reference 1][Feb 2019][General info]

Moog is a world leader in Bipropellant attitude control propulsion for commercial and defense satellites. Our DST family of 5 Ibf thrusters combines a high performance injector design
with a high temperature Platinum/Rhodium chamber to provide industry leading performance in both steady state and pulse mode operation. We also supply our heritage 5 Ibf and 2 Ibf
thrusters, which have been providing reliable attitude control for more than twenty years. Moog ACS engines have been the industry standard with more than 2,000 delivered.

DST-12/13 provides highest performance available in MMH/MON ACS thruster.

References:

[1] https://lwww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html E 8 I N O
o o
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SLBF C-103 MOOG

Propulsion Technology Bi-prop

Manufacturer/Country MOOG (USA)

D5T-11H DsT-12
Design § @ '
TRL 8 ‘/ : :
Size (including PPU) 13.5" length

Propellant Hydrazine/MON MMH/MON MMHAON MMHMON
i i - 27U+ Hominal Sieady State Thrust 5 Ibf (22N) 5 Ibf (22N) 5 Ibf [22N) 5 Ibf (22H)
Design satellite size Feed Pressure 80 - 400 psia (5.5 — 276 ban B0 = 400 psta (4.1 - 77 6 ba) BO - 400 psia (5.5 - 27.6 bar) 30 - 370 psia (2.8 - 22.1 bar}

Nezie Expansion 300:1 300:1 300:1 150:1/300:1
Isp (s) 288 10 292s Nominal Mixture Ratio 0.85 1.61 165 1.611.65
. . Yahe Solenoid Latching Torque Motor Solenoid Latching Torgue Motor or Solenoid
Thrust type/magnitude 22N (continuous) R oyt L)
41 watts ek 41 watts i, e
Vv Fower (2 ot vired I e i it} (2 cols wieed 0 e ol Pl
15.6 watts max (solenoid)
Mass 1.7 bm (0,77 kg) 1.4 Ibm (0.64 kg) 1.5 Ibm {0.68 kgl 1.4- 2.0 bm (0.64 - 0.01 k)
Delta-V (m/s) Length 10.3in (262 mim) 0.6 in (244 mem)] 10.4 in (264 mm) 0.7-13.5n (248 - 343 mm)
Chamber Material Platinumy/Fhodium Alley Platinum:Fhodium Aoy Flatinum/Rhodium Alloy C-103
Pro pel lant MMEIMON Performance DST-11H D5T-12 D5T-13 S bf
Power Consumption (W) 15.6W max (valve) Specific Impulss 310 gacs 302 sacs 208 secs 288 sacs/ 202 secs
Thoughput 007 gy (2000 lom) 1073 kg (2365 bm) 637 kp (1404 lbm) 484 kg (1068 lbm)
Flight heritage (if any) Extensive. ETS-8, QZSS, Superbird- : teisa, BepiColombo, AsiSat 5, Teltar e ETS-8, 0255, Supesbirc-7,
7, ST-2, WGS, Intelsat o Tenacious, GOES-A Himahen, Turezt ST-2, WES, Ineksat
; ; hi mﬁs"}&%ﬂ““m ilabie DET-12/13 Provides highest pesf labe o ht?fn ig e
- 02 Bvala . =] onmance aal or mane than 2l
Commercially available YES Highlights e B ey A e ek D
MON ACS Thruster and fiown
Last updated 02/2019

Additional comments:

[Reference 1][Feb 2019][General info]

Moog is a world leader in Bipropellant attitude control propulsion for commercial and defense satellites. Our DST family of 5 Ibf thrusters combines a high performance injector design
with a high temperature Platinum/Rhodium chamber to provide industry leading performance in both steady state and pulse mode operation. We also supply our heritage 5 Ibf and 2 Ibf
thrusters, which have been providing reliable attitude control for more than twenty years. Moog ACS engines have been the industry standard with more than 2,000 delivered.

Engine has been in production for more than 30 years, with >2000 delivered and flown.

References:

[1] https://lwww.moog.com/products/propulsion-controls/spacecraft/spacecraft-propulsion-components/thrusters.html E 8 I N O
o o
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NGC Monopropellant thrusters series
MRE-0.1

Propulsion Technology Monopropellant Thruster
Manufacturer/Country Northrop Grumman (USA)
Technical Data
TRL 8+
Propellant Hydrazine
Size (including PPU) 114 mm (width), 175 mm (length), 0.5/0.9 Thrust at maximum operating 1.0 N at 350 psia
kg (STM/DTM mass) pressure

Thrust at 275 psia inlet pressure | 0.8 N

Design satellite size

Isp (3) 216

Steady state specific impulse at 216 seconds
275 psiainlet pressure

Operating pressure range 5-600 psia

Thrust type/magnitude 1.0N Life (demonstrated)
¢ Maximum throughput 34 kg

Delta-V (m/s) o Maximum cycles 370,000
Propellant Hydrazine Thrust valve power at 28 Vdc 15 W

Weight (STM/DTM) 0.5 kg/0.9 kg
Power consum ption (W) L2 Y Envelope (width x length) 114 mm x 175 mm [1]
Flight heritage (if any) Chandra W-ray Observatory, DSP, STEP4 Spacecraft Programs
Commercial |y available Yes Chandra X-ray Observatory, DSP, STEP4
Last updated 07/2020

Additional comments:

[Reference 1][July 2020][Thruster and general information]

Northrop Grumman has developed, qualified and flown nearly 1,000 monopropellant thrusters, gas generators and gas thrusters, ranging from 30 millipounds to 8 Ibs. We have also
developed and tested 15-pound class and larger monopropellant thrusters. In all cases, Northrop Grumman thrusters have exceeded design goals and outlived the useful spacecraft
lives on a wide range of myriad of programs, including Pioneer 10 and 11, DSP, TDRS, FSC, Chandra X-ray Observatory, SOHO, EOS, TOMS, STEP, ROCSAT, KOMPSAT, and HEAO.

The authors could not find whether these thrusters had flown on small sat missions.

References:
[1] https://www.northropgrumman.com/space-old/propulsion-products-and-services/ E 8 I N O
* o
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NGC Monopropellant thrusters series

MRE-1.0
Propulsion Technology Monopropellant Thruster
Manufacturer/Country Northrop Grumman (USA)
MRE-1.0 Monopropellant
TRL 8+ Thruster
Size (including PPU) 114 mm (width), 188 mm (length), 0.5/1.0 kg (STM/DTM) For satelite affitude and velocrty control.
Technical Data
Design satellite size Propellant Hydrazine
Thrust at maximum operating 5.0 N at 400 psia
ISp (S) 218 pressure
Thrust at 275 psia inlet pressure | 3.4 N
Thrust type/magnitude 50N e et e e at | ZlBsee
. Operating pressure range 8-565 psia
Delta-V (m/s) Not listed Life (demonstrated)
Hvdrazin » Maximum throughput 34 kg
Prope”ant yd a € +  Maximum cycles 457,849
POWGT Consumptlon (W) 15 W Thrust valve power at 28 Vdc 1mw
Weight (STM/DTM}) 05kg/1.0kg
Flight heritage (if any) Dtm — Pioneer, HEAO, TDRSS, FLTSATCOM, EOS Envelope (widh x length) 114mm x 188mm
SSTI, SOHO TOMS, KOMPSAT, ROCSAT, STEP4, SPacecraﬂ Programs
STEP1 DTM - Pioneer, HEAQ, TDRS3S, FLTSATCOM, EOS, S5TI, SOHO
. . TOMS, KOMPSAT, ROCSAT, STEP4, STEP1
Commercially available Yes
Last updated 07/2020

Additional comments:

[Reference 1][July 2020][Thruster and general information]

Northrop Grumman has developed, qualified and flown nearly 1,000 monopropellant thrusters, gas generators and gas thrusters, ranging from 30 millipounds to 8 Ibs. We have also
developed and tested 15-pound class and larger monopropellant thrusters. In all cases, Northrop Grumman thrusters have exceeded design goals and outlived the useful spacecraft
lives on a wide range of myriad of programs, including Pioneer 10 and 11, DSP, TDRS, FSC, Chandra X-ray Observatory, SOHO, EOS, TOMS, STEP, ROCSAT, KOMPSAT, and HEAO.

The authors could not find whether these thrusters had flown on small sat missions.

References:

[1] https://www.northropgrumman.com/space-old/propulsion-products-and-services/ E 8 I N O
* o
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NGC Monopropellant thrusters series
MRE-4.0

Propulsion Technology Monopropellant Thruster
MRE-4.0 Monopropellant
Manufacturer/Country Northrop Grumman (USA) HECH
Thruster
TR L 8+ For satellite attitude and velocity control.
Size (including PPU) 61 mm (width), 206 mm (length), 0.5 kg Technical Data
Propeliant Hydrazine
Design satellite size Thrust at maximum operating 18 N at 600 psia
pressure
Isp (S) 217 Thrust at 275 psia inlet pressure | 9.8 N
Steady state specific impulse at 217 sec
Thrust type/magnitude 18 N 21T eIt possine
_ Operating pressure range 50-600 psia
Delta-V (m/s) Not listed Life (demonstrated)
. e Maximum throughput 249 kg
Hydrazine
Propellant y o Maximum cycles 507,000
Weight (STW/DTM) 05 kg/-
Flight heritage (if any) Intelsat Ill, DSCS lIl, STEPO, ISEE-C, Envelope (width x length) 61mm x 206mm

DSP, ATMOS, Explorer
Spacecraft Programs

Commercially available Yes Intelsat Ill, DSCS lll, STEPO, ISEE-C, DSP, Atmos, Explorer

Last updated 07/2020

Additional comments:

[Reference 1][July 2020][Thruster and general information]

Northrop Grumman has developed, qualified and flown nearly 1,000 monopropellant thrusters, gas generators and gas thrusters, ranging from 30 millipounds to 8 Ibs. We have also
developed and tested 15-pound class and larger monopropellant thrusters. In all cases, Northrop Grumman thrusters have exceeded design goals and outlived the useful spacecraft
lives on a wide range of myriad of programs, including Pioneer 10 and 11, DSP, TDRS, FSC, Chandra X-ray Observatory, SOHO, EOS, TOMS, STEP, ROCSAT, KOMPSAT, and HEAO.

The authors could not find whether these thrusters had flown on small sat missions.

References:

[1] https://www.northropgrumman.com/space-old/propulsion-products-and-services/ E 8 I N O
* o
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NGC Monopropellant thrusters series
MRE-5.0

Propulsion Technology Monopropellant Thruster MRE-5.0 Monopropellant
Manufacturer/Country Northrop Grumman (USA) Thruster
TRL 8+ For satellite attitude and velocity control.
Technical Data
Size (including PPU) %S?hr/gm (width), 264 mm (length), 1.5 kg Propellant Hydrazine
Thrust at maximum operating 36 N at 400 psia

Design satellite size pressure

Thrust at 275 psia inlet pressure 28N

|Sp (S) 232 Steady state specific impulse at | 232 sec
275 psia inlet pressure

Thrust type/magnitude 36 N Operating pressure range 70-475 psia
Delta-V (m/s) Not listed Life {demonstrated)

»  Maximum throughput 456 kg
Propellant Hydrazine « Maximum cycles 28,512

. Thrust valve power at 28 \Vdc J0wW
Power consumption (W) 30 W Weight (STWDTID 15k
. : Spacecraft Programs
Commercially available Yes P g
GRO

Last updated 07/2020

Additional comments:

[Reference 1][July 2020][Thruster and general information]

Northrop Grumman has developed, qualified and flown nearly 1,000 monopropellant thrusters, gas generators and gas thrusters, ranging from 30 millipounds to 8 Ibs. We have also
developed and tested 15-pound class and larger monopropellant thrusters. In all cases, Northrop Grumman thrusters have exceeded design goals and outlived the useful spacecraft
lives on a wide range of myriad of programs, including Pioneer 10 and 11, DSP, TDRS, FSC, Chandra X-ray Observatory, SOHO, EOS, TOMS, STEP, ROCSAT, KOMPSAT, and HEAO.

The authors could not find whether these thrusters had flown on small sat missions.

References:

[1] https://www.northropgrumman.com/space-old/propulsion-products-and-services/ E 8 I N O
* o
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NGC Monopropellant thrusters series
MRE-15/MRE-1.5

Propulsion Technolo Monopropellant Thruster
P 9y MRE-15 Monopropellant
Manufacturer/Country Northrop Grumman (USA) Thruster
TRL 8+ For satellite attitude and velocity control.
Size (including PPU) 119 mm (width), 318 mm (length), 1.1 kg Technical Data
(STM™) Propellant Hydrazine
: . : Thrust at maximum operating 86 N at 400 psia
Design satellite size senin
Isp (3) 228 Thrust at 275 psia inlet pressure | 66 N
) Steady state specific impulse at | 228 sec
Thrust type/magnitude 86 N 275 psia inlet pressure
Delta-V (m/s) Not listed Operating pressure range 138-430 psia
Life (demonstrated)
Propellant Hydrazine « Maximum throughput 970 kg
Power consumption (W) ~ 72W sl b T e
_ Thrust valve power at 28 Vdc 2W
Flight heritage (if any) None listed, but assumed to have flown Weight (STMDTM) 1.1 kg-
Last updated 07/2020

Additional comments:

[Reference 1][July 2020][Thruster and general information]

Northrop Grumman has developed, qualified and flown nearly 1,000 monopropellant thrusters, gas generators and gas thrusters, ranging from 30 millipounds to 8 Ibs. We have also
developed and tested 15-pound class and larger monopropellant thrusters. In all cases, Northrop Grumman thrusters have exceeded design goals and outlived the useful spacecraft
lives on a wide range of myriad of programs, including Pioneer 10 and 11, DSP, TDRS, FSC, Chandra X-ray Observatory, SOHO, EOS, TOMS, STEP, ROCSAT, KOMPSAT, and HEAO.

The authors could not find whether these thrusters had flown on small sat missions.

References:

[1] https://www.northropgrumman.com/space-old/propulsion-products-and-services/ E 8 I N O
* o
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BHT-200 (Xenon)/BHT-200-1 (lodine) [1 of 2]
Busek

Propulsion Technology Hall effect thruster
Manufacturer/Country Busek (USA)

TRL 8

Size (including PPU) ~2 to 3U (estimated)
Design satellite size Small sat

Isp (s) 1400s

Thrust type/magnitude 13 mN (at 200W)

Delta-V (m/s)
Propellant Xenon, lodine, Krypton

Power consumption (W) 100 to 300W, 250 VDC

Flight heritage (if any) TACSAT-2 (2006), FalconSat-5 (2010), FalconSat-6 (2018)
MFC iSAT (iodine, 2 units delivered) [4, 5, 6, 7]
Commercially available YES
Last updated 01/2021 Multiple BHT-200’s in a cluster

Additional comments:

[Reference 1-4, 7][Jan 2019][General info]

The BHT-200 is the first US-designed and US-built Hall Effect thruster used in-space on operational satellites, and is subject of numerous technical papers and journal publications. The BHT-200 is a
patented design covered under “Tandem Hall Field Plasma Accelerator,” US Patent No. 6,150,764. Over 20 units of the BHT-200 have been built and delivered for broad range of characterization, plume
studies, and clustering and modeling efforts, including three flight systems: TacSat-2, FalconSat-5, and FalconSat-6. Busek has a pending flight order for two iodine compatible versions of the thruster for
MSFC iSat mission. iSAT is a 12U CubeSat intended as a rapid orbital demonstration of the iodine Hall thruster technology.

A key advantage to using iodine as a propellant is that it provides a high density times specific impulse, it is three times as fuel efficient as the commonly flown xenon, it may be stored in the tank as an
unpressurized solid, and it is not a hazardous propellant. 1U with 5 kg of iodine on a 12U vehicle can provide a change of velocity of 4 km/s AV, perform a 20,000km altitude change, 30° inclination change
from LEO, or an 80° inclination change from GEO. During operations, the tank is heated to vaporize the propellant. The thruster then ionizes the vapor and accelerates it via magnetic and electrostatic fields,
resulting in high specific impulse. The satellite has full three-axis attitude control capability by using momentum wheels and magnetic torque rods to rotate. iSat also counts with a passive thermal control
system. The cathode is the BHC-1500, and is external. Cathode mass is 0.2 kg.

On December 16, 2006 the AFRL TacSat-2 satellite was launched with Busek’s 200W Hall Thruster for primary propulsion. This thruster is the first US-designed and US-built Hall thruster in space and
represents a significant milestone not only for Busek but also for the US space industry. The primary objective was to demonstrate improved microsat maneuverability. Plume measurements and on-

board diagnostics verified performance. AFRL and the USAF Academy integrated Busek's HET system on the FalconSat-5 satellite, which launched aboard DoD Space Test Program's S26 mission on an
Orbital Sciences Minotaur-I1V rocket from Kodiak Island in November 2010.

References:

[1] Nakles, M., Brieda, L., Reed, G., Hargus, W., Spicer, R., “Experimental and Numerical Examination of the BHT-200 hall Thruster Plume,” Presented at the 43 AIAA JPC, 2007. AFRL Report AFRL-

PR-ED-TP-2007-331.

[2] Krejci, D., Lozano, P., “Space Propulsion Technology for Small Spacecraft,” Proceedings of the IEEE, 2018.
[3] https://en.wikipedia.org/wiki/lodine_Satellite

[4] http://www.busek.com/index_htm_files/70000700%20BHT-200%20Data%20Sheet%20Rev-.pdf E

[5] Kamhawi, H., Haag, T., Benavides, G., Hickman, T., Smith, T., Williams, G., Myers, J., Polzin, K., Dankanich, J., Byrne, L., Szabo, J., and Lee, L., “Overview of lodine Propellant Hall Thruster
Development Activities at NASA Glenn Research Center,” 52nd AIAA Joint Propulsion Conference, Salt Lake City, Utah, 2016.

[6] https://techport.nasa.gov/view/91492

[7] Hruby, P., Demmons, N., Courtney, D., Tsay, M., Szabo, J., and Hruby, V., “Overview of Busek Electric Propulsion,” 36th IEPC, Vienna, Austria, 2019.
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BHT-200 (Xenon)/BHT-200-I (lodine) [2 of 2]
Busek

Additional comments:

[Reference 1][June 2020][lodine development]
Low-power Hall thruster tests at Busek Co. Inc. found that Hall thruster performance with iodine is very similar to its performance with xenon; however, iodine stores three times
as dense as xenon and at sub-atmospheric pressures. The increase in storage density and reduction in tank pressure can lead to improved spacecraft volume utilization, which
can translate to a significant AV increase relative to xenon propellant for a given electric propulsion system volume.

NASA continues to develop iodine Hall thrusters due to mission benefits for small spacecraft. The team of NASA GRC, NASA MSFC, and Busek Co. Inc. are working on both a
flight mission and technology development activity. The Busek BHT-200-I will be qualified for flight on the iSAT mission. The BHT-600-1 development activity will culminate in the
delivery of an engineering model, BHT-600-1 Hall thruster propulsion system. To date, extended duration tests have been conducted at NASA GRC on the EM BHT-200-I and
BHT-600-I Hall thrusters. In each test the thruster performance was consistent with previous observed results and in-line with operation on xenon. Post inspection of the
thrusters did not show any significant physical changes after operation with iodine. Future activities will focus on flight qualification of the BHT-200-I system, including integrated
system testing with the iodine feed system, cathode, and power processing unit. Technology development will continue with the BHT-600-1 to examine iodine operation at 600 W
and to perform extended duration testing of an engineering model propulsion system after the delivery of the 600 W PPU.

[Reference 2][June 2020][lodine development]

The lodine Satellite (iSat) spacecraft was to be the first CubeSat to demonstrate high change in velocity from a secondary payload launch safe propulsion system using a Hall
thruster modified to use iodine as a propellant. The mission was to demonstrate CubeSat maneuverability, including plane change, altitude change and change in its closest
approach to Earth to ensure atmospheric reentry in less than 90 days.

It was determined during the course of this project that additional development related to iodine compatible cathodes was required before conducting an in space demonstration
of the technology at this scale of thruster.

[Reference 3][Jan 2021][Missions for iodine thruster]
Busek recently delivered two iodine compatible versions of the thruster for MSFC iSAT mission.

References:
[1] Kamhawi, H., Haag, T., Benavides, G., Hickman, T., Smith, T., Williams, G., Myers, J., Polzin, K., Dankanich, J., Byrne, L., Szabo, J., and Lee, L., “Overview of
lodine Propellant Hall Thruster Development Activities at NASA Glenn Research Center,” 52nd AIAA Joint Propulsion Conference, Salt Lake City, Utah, 2016.
[2] https://techport.nasa.gov/view/91492 E 8 N O
[3] http://busek.com/index_htm_files/70000700A%20BHT-200.pdf
e @9
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1N Monopropellant Thruster
Ariane Group

Propulsion Technology Hydrazine monopropellant
Manufacturer/Country Ariane Group (Airbus/Safran) (FRANCE/GERMANY)
TRL 8

Size (including PPU) 300g (150mm x 30 mm x 30 mm, ~0.5U)

Design satellite size 1U and larger

Isp (s) 220s

Thrust type/magnitude 0.32to 1.1 N (continuous, nominal)

0.01 to 0.043N (impulse bit, min)
135,000 N*s (impulse, total)

Delta-V (m/s) Not reported but likely similar to Busek’s ~150 to 200 m/s for 4 kg spacecraft.
For ALSAT-2, it had a delta V=70m/s for a 120 kg spacecratft.

Propellant Hydrazine

Power consumption (W) Not reported but likely 10’s of W. (catalyst pre-heat main contributor)

Flight heritage (if any) Many. Roughly 30 flights since 2000, including Elisa 1 to 4, and most recently CSO-1 (2016).
ALSAT-2 (2016)

Commercially available YES

Last updated 06/2020

Additional comments:

[Reference 1-2][Jan 2019][General info]

The 1N monopropellant hydrazine thruster is used for attitude, trajectory and orbit control of small and mid-size satellites and spacecraft. The thruster is typically used in our own propulsion systems and is also available
separately for use in our customers' propulsion systems. More than 500 units of this thruster operate successfully in space. The 1N thruster was derived from the space proven 0.5N thruster, of which some 165 units were
flown on OTS-2, ECS, Marecs, Telecom-1, Skynet 4 and NATO-IV. Since these applications, the thruster has undergone multiple refinements, especially in achieving a minimum possible production cost. Today, this unit may
be regarded as a low-cost thruster. Propellant supply to the thruster is provided by a two stage flow control valve comprising two identical monostable, normally closed valves placed in series within a single housing.
Additionally each thruster is equipped with an internal redundant catalyst bed heater and with thermal insulation to guarantee optimum start-up. All materials used in the valve and thrust chamber assembly have been selected
for compatibility with hydrazine propellant. Thrust is generated when the control valve is commanded to open, causing propellant to be fed to the thrust chamber where a decomposition reaction takes place within the catalyst
bed. The thruster is qualified for multiple cold starts.

This thruster has been qualified to more than 50,000 cycles.

5N and 20N versions are also available, but likely require too much power.

[Reference 3-4][Jan 2019][Flight info]
A NASA report says that these thrusters were used on the ALSAT-2 satellite, built by Airbus. ALSAT-2 is a 120 kg spacecraft with a design life of 5 years. The hydrazine system has a delta v= 70 m/s.

References:
[1] https://www.ariane.group/en/equipment-and-services/satellites-and-spacecraft/1-n/

[2] http://iwww.space-propulsion.com/brochures/hydrazine-thrusters/hydrazine-thrusters.pdf
[3] NASA survey of small-satellite propulsion, 2018. https://sst-soa.arc.nasa.gov/04-propulsion N O
[4] https://directory.eoportal.org/web/eoportal/satellite-missions/a/alsat-2 e ®
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Propulsion Technology

Manufacturer/Country

TRL
Size (including PPU)

Design satellite size

Isp (S)

Thrust type/magnitude
Delta-V (m/s)

Propellant

Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338
10N Bi-Propellant Thruster

Ariane Group

Monomethylhydrazine (MMH) and di-
nitrogen-tetroxide (N204)/ mixed oxides of
nitrogen (MON-1, MON-3) bipropellant

Ariane
Group (Airbus/Safran) (FRANCE/GERMANY)

8

350 g (single seat) 650 g (dual seat)
35 mm (diameter)

292s

10 N (nominal), 6.0-12.5 N (range)

Not reported

MMH (fuel), N204, MON-1, MON-3 (oxidizer)
Not reported

Many, roughly 60 since 2010. See [1] for full
list.

Yes

07/2020

[Reference 1][July 2020][General info]

The 10N and 400N thrusters are part of Ariane’s chemical propulsion systems mainly flying in commercial GEO programs. Also recently, missions like Rosetta and Gaia, Bepi Colombo,
Lisa Pathfinder, and Solar Orbiter have flown the 10N and 400 N workhorse thrusters.

The 10N thrusters have been flying since 1974.
However, the authors have not found any small satellites that have flown this system as a primary propulsion system.

References:

10N Bi-Propellant Thruster Key Technical

Characteristics

Thrust Nominal

Thrust Range

Spedific Impulse at Nominal Point
Flow Rate Mominal

Flow Rate Range

Mixture Ratio Nominal

Mixture Ratio Range

Chamber Pressure Nominal

Inlet Pressure Range

Throat Diameter (inner)

Mozzle End Diameter (inner)

Nozzle Expansicn Ratio (by area)
Mass, Thruster with Valve

Chamber Nozzle Material
Fuel

Oxidizer

Valve Single Seat

Valve Dual Seat

Mounting I/F to 5/C

Tubing I/F

Valve Lead Wires

Thruster Heater and
Thermal Sensor

Qualified longest single burn
Qualified accumulated burn life

Qualified cyde life

[1] https://lwww.space-propulsion.com/brochures/bipropellant-thrusters/bipropellant-thrusters.pdf
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10 N (2.2 Ibf)
6.0..125N
292 s
3.50g/s
2.30..420g/s
1.60...1.65
1.20..2.10
Q bar

10... 23 bar
2.85 mm

35 mm

150

350 g(single seat)
650 g (dual seat)

Platinum/Rhodium Alloy
MMH
N,O, MON-1, MON-3

Bi-propellant torque motor valve

Bi-propellant torque or linear
motor valves

Valve flange with

3 through-holes of 6.4 mm (1/47)
diameter

Per SAE AS4395E02 or welded
24 AWG per MIL-W-81381

On request

8 hours
69 hours
1.100.000 cycles

[1]

Arabsat 5A
Arabsat 5B
Astra 3B
COMS
KA-SAT
MILSAT-B
Nilesat 201
Rascom-2
W3B

Arabsat 5C
Astra 1N
Adlantic Bird 7
Ekspress AM4
W3cC

Yahsat 1A
Apstar7
Astra 2F

MSG FM3
SK5D

W54

WBA
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2010
2010
2010
2010
2010
2010
2010
2010
2010
2011
201

2011
201

20m
201

2012
2012
2012
2012
2012
2012

YAHSAT 1B
AMOS 4
Alphasat PFM
Astra 2E

W3D

SES-6

GAIA
ArthenaFidus
Astra 2G

Astra 5B
ARSAT 1
Ekspress-AM4R
Eurelsar 3B
MEASAT 3B
Arabsat 6B
ARSAT 2
Eutelsat 9B
LISA-Pathfinder
MSG FM4

Ekspress-AM7

Sicral2

2012
2013
2013
2013
2013
2013
2013
2014
2014
2014
2014
2014
2014
2014
2015
2015
2015
2015
2015
2015
2015

DirecTV 15
Hispasat 1 AG
TELSTAR 12V
AMU-1
Eutelsat SWB
AMOS 6
SkyBrasil
AMOS6R
Bepi Colombo
EDRS-C
SES-10

5GDC
Koreasat 7
Exomars Orbiter
Echostar 105
Eutelsat 172B
SES-12

Solar Orbiter
MTG

2015
2015
2015
2015
2015
2015
2015
2016
2016
2016
2016
2016
2016
2016
2017
2017
2017
2017
2019

=

3+

Comm. avail.

TRL Aerospace-tested




Propulsion Technology
Manufacturer/Country
TRL

Size (including PPU)
Design satellite size

Isp (S)

Thrust type/magnitude
Delta-V (m/s)

Propellant

Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

DISTRO A: Approved for public release. OTR-2024-00338

20N Monopropellant Thruster
Ariane Group

Monopropellant Thruster
Ariane Group
9

33 mm (diameter), 196 mm (length), 650 g

222 - 230

7.9 - 24.6N vac

Not reported

Hydrazine

Not reported

Many large satellites, since 1982, including
NGSAR (2018), Planck (2009), Herschel (2009),

METOP 1-3 (2006-2018), SMM (1999), Integral
(2002), EURECA (1982).

Yes

07/2020

[Reference 1][July 2020][Thruster info]

The 20N monopropellant hydrazine thruster is used for attitude, trajectory, and orbit control of satellites, spacecraft, and platforms. The flow of propellant is controlled by a flow control
valve, comprising two independent consecutive monostable, normally closed valve stages. When the valve is activated, propellant is supplied through a fuel supply pipe, mounted within
the heat barrier, to the injection plate. The flow rate is adjusted by an orifice within the fuel pipe to ensure that the delivered thrust is within the specified limits.

The authors could not find any small satellite missions that have flown this thruster.

References:

[1] https://lwww.space-propulsion.com/spacecraft-propulsion/hydrazine-thrusters/20n-hydrazine-thruster.html
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1IN Hydrazine thruster

. . Parameter Characteristics
Propulsion Technology Hydrazine Monopropellant e oz
OFEQ GB"2 Galileo
Manufacturer/Country Rafael (Israel) Feea Pressure (barate) 271055 | 25055 2471055
Thrust, Steady State (N): (BOL) 12510027
TRL 8 SSF Specific Imputse (sec) >215 @ 22 bar
2205 @55bar
. . . Minimum Impulse B& (N-s). 0.008 @ 5.5 bar @ 0.02 sec/1 sec
Size (including PPU) Small (<310 g) T 01 seqitsec
Response Time (Hot Puise)
Design satellite size Rise Tme(rms): 00/ il il cyci 22 g
Decay Time (ms): 150 @ nominal duty cycie & 22 bar
Isp (s) 215s @ 22 bar feed pressure [1] Total Delivered Impuise (N-5) “;OFEOO"O 1;“(;;0. ;f’:g
205s @ 5.5 bar feed pressure [1] — R = e
200,000 305,000* 58,000
Thrust type/magnitude 0.27 to 1.25 N (continuous) [1] Leakage
60,000 to 120,000 N*s (impulse, total) [1] Intemal Leakage (Scc/s GHe): 1x10™ @ 3.5:and 24 bar
External Leakage (Scc/s GHe): 1x10° @ 36 bar
Delta-V (m/s) — s e
Flow Control: FCV - dual-coil, dual seat, N.C. solencid vaive
Propellant Hydrazine FOV Operating Vokage (VDO): BB
FCV Power (Watt): 92@28VvDC
Power consumption (W) 9.2W at 28VDC :a:oz;zfjd:gm —
) ) . Heater Resistance (ohms): 257 for each element
Flight heritage (if any) VENUS/VENUS (2017), GlobalStar-2 (many Nozze Expansion Rl 120
since 2012), Galileo, OFEQ, EROS [2] Total Life (Storage and Fight) 15 years
O3B, Sentinel-1, NEOSAT, Venus, PRISMA, i o il i
Iniet Intertace: MS 336564 or S S-304L 025" tube
SAC-D [3] Weight (gr) <310 (1000 mm lead wire length)
. . ) ) ouaimg: for OFEQ, Gallieo, Venus,
Commercially available YES B B i Gt 2,008

Last updated 12/2023
Additional comments:

[Reference 1][Jan 2019][General info]

The 1N hydrazine thruster generates the required thrust for maneuvering the satellite by means of a hot gas jet created by hydrazine decomposition and expansion through the exit
nozzle. The thruster was designed and qualified for the OFEQ program. The RAFAEL 1N thruster was chosen for the following programs: Globalstar-2, O3B constellation (by TAS-F). It
was also chosen for ESA programs: Galileo IOV (by EADS-ST) and Sentinel (by TAS-I). The thruster is commanded by a solenoid-operated, dual-coil, dual-seat normally-closed Flow
Control Valve (FCV). Closed position is maintained by springs for both seats. The FCV is equipped with an integral filter, 15 micron absolute, placed at the valve inlet. The thruster is
equipped with an electrical catalyst bed heater (CBH), with two resistance coils, providing the initial thermal condition required for long duration and repeatable operation. The pre-heating
time is needed for reliable start of the thruster. The recommended pre-heating temperature is 180°C. The elapsed time to reach this temperature depends on the thruster's initial
temperature. A typical time for pre-heating from +25°C is about 20 minutes.

References:

[1] http://iwww.rafael.co.il/5719-2612-EN/Marketing.aspx
[2] https:/imwww.flightglobal.com/news/articles/globalstar-2-satellite-system-to-carry-rafael-fuel-t-212707/ N O

[3] Flyer distributed at Small Sat Conference 2023. e o
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Propulsion Technology
Manufacturer/Country
TRL

Size (including PPU)
Design satellite size

Isp (S)
Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)
Flight heritage (if any)
Commercially available

Last updated

Additional comments:

This thruster has extensive flight history.

References:

5N Hydrazine thruster

Hydrazine Monopropellant
Rafael (Israel)
8

Small (<310 g)

220s @ 22 bar feed pressure [1]
210s @ 5.5 bar feed pressure [1]

1.8t0 6.1 N (continuous) [1]
74,000 N*s (impulse, total) [1]

Hydrazine

<10W at 28VDC

Extensive. OFEQ, EROS, TECSAR
YES

01/2019

[1] http://www.rafael.co.il/5719-2612-EN/Marketing.aspx

[2] Hasan, D., Jaeger, M., Oren, A., Adler, S., Miller, N., & Zemer, E., “Application of satellite hydrazine propulsion system in-orbit monitoring model,” Proceedings
of the 4th International Spacecraft Propulsion Conference (ESA SP-555). 2-9 June, 2004
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Parameter Characteristics
Propeliant: Hydrazine (N2Hs)
Feed Pressure (bar abs): 24 10 5.5 (nominal), tested down to 4.5

Thrust, Steady State (N):

61@22barto 1.8 @ 55 bar

SSF Specific Impulse (sec):

>220 @ 22 bar

>210 @ 5.5 bar

Minimum Impulse Bit (N-s):

<025@55bar&0.1sec/1sec
<0.012 @ 5.5bar & 0.06 sec/ 1000 sec

Nominal Duty Cycle: 0.1sec/1sec

Response Time (Hot Pulse)

Rise Time(ms): < 65 @ nominal duty cycle & 22 bar
Decay Time (ms): <100 @ nominal duty cycle & 22 bar
Total Delivered Impulse (N-s): 74,000

Total Number of Pulses 42,000

Leakage

Intemal Leakage (Scc/s GHe):

<1x10* @ 3.5 and 24 bar

Extemal Leakage (Scc/s GHe) | <2.6x10° @ 36 bar

Temperature

Operating Temperature: +4°C 0 90°C

Non Operating Temperature: 20°Cto 90°C

Flow Confrol: FCV - single-colil, dual-seat, N.C
solenoid valve

FCV Operating Voltage (VDC):  [2310 36

FCV Power (Watt) @ 28 VDC <10

Heaters - 3 Heaters

Heater Operating Voltage (VDC). | 15t0 36

Heater Resistance (ohms): 257 for each element

Nozzle Expansion Ratio: 50

Total Life (Storage and Flight) 15 years

Iniet Filtration 15 micron absolute

Iniet Interface: MS 33656

Weight (gr): <310 (2000 mm lead wires length)

Heritage: OFEQ , EROS and TECSAR programs

=

NO
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Propulsion Technology
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25N Hydrazine Thruster

Hydrazine Monopropellant

Parameter Characteristics
Propeliant Hydrazine (NzHa)
Manufacturer/Country Rafael (Israel) Feed Pressure (bar abs ) 21055
Thrust, Steady State (N) 281005
TRL 8 SSF Specific Impulse (sec) =220 @ 22 bar
=205 @ 5.5 bar
. . . - Minimum Impulse Bit (N-s) 03
Size (mcludmg PPU) 82.5mmx82.5mmx162.8mm (~1.5U) Nominal Dufy Cyce PETrry—
) ) ) Response Time (Hot Pulse)
Design satellite size 250 kg Rise Time (ms) 65 @ nominal duty Cycle & 22 bar
Decay Time (ms) 200 @ nominal duty cycle & 22 bar
Isp (S) 205-220 s Total Delivered Impuise (N5 ) 100,000 (<5%lsp degradation)
Total Number of Pulses: 12,000
5 Leakage
Thrust type/mantUde 9.5-28N Intemal L eakage (Scols GHe): A0 @358 24
Extemnal Leakage (Scc/s GHe): <1.0x10° @ 24
Delta-Vv (m/S) Temperature
Operating Temperature +4°C 10 80°C
Prope”ant Hydrazine Mon Operating Temperature -10°C 0 90°C <y
Flow Control Ea% - single-coil, duak-seat, NC solenoid ﬁ“ 3
Power consumption (W) 15 FCV Operafing Voitage (vdc) 231036 f i
FCV Power (W) 15@ 28 vde *l = 1
Flight heritage (if any) OFEQ and EROS Heaters — 4x Single Heaters Aid—n
Heater Operating Voltage (vec) 241032 ‘ |
. . Heater Resistance (oh 260 ch heater < ]
Commercially available YES ME,;WS;”R:QO ) et
Total Life (Storage & Flight) 15 years
Last updated 08/2020 Inlet Filtration 15 micron absoluie
Inlet Interface MS 336564 or welded tube (1/4" or 3/87
Weight (gr ) =530 (1000 mm lead wires length)
Heritage OFEQ and EROS programs
Additional comments:
References:
[1] https:/Amwww.rafael.co.il/wp-content/uploads/2019/03/RAFAEL_SPACE_PROPULSION_2019-CATALOGUE.pdf E 8 NO
e @
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Propulsion Technology
Manufacturer/Country
TRL

Size (including PPU)

Design satellite size

Isp (S)
Thrust type/magnitude

Hall thruster
RCC Kurchatov Institute/Fakel (Russia)/Airbux Defence and Space (France)
SPT-50 TRL=8, SPT-50M TRL=6

Thruster 1.5 kg
Entire propulsion system dry weight ~20kg [3]

Large (>50 kg)
~900 s

14 mN at 220W

DISTRO A: Approved for public release. OTR-2024-00338

Delta-V (m/s) Table 3 Comparative characteristics of SPT-50 u SPT-30M
SPT-30 SPT-50M
Propellant Xenon Discharge Voltage, V 180
. 0 ] ¥
Power consumption (W)  200W, nominal. Discharge Current, A 1.2
300W on Canopus-V [3] Discharge Power, W 220
[E— it ) None k for SPT-50M Thrust, mN 14.0 148
Ight neritage (It any one known for - :
Previous design SPT-50 has flown on Canopus-V/Kanopus-V and Canopus- Specific Impulse. < 860 230
V-IK/Kanopus-V-IK spacecrafts (2012), and many other missions Mass. kg 1.23 1.32
(Meteor[1977,1974,1981], Astrofizika[1978]) [4] Operation life, h =2500 ~ 3000
Commercially available Unknown
Last updated 01/2021

Additional comments:

[Reference 1-2][Jan 2019][Thruster info]

At present, EDB Fakel, in co-engineering with Airbus Defence and Space Toulouse, is engaged in the development of advanced low-power Hall thrusters. The flight-proven SPT-50 thruster was chosen as a prototype. To
guarantee the requested operational lifetime, innovative magnetic field topology and discharge chamber material have been implemented. In addition, a new cathode has been developed to operate at reduced discharge
currents and mass flow rates. To support the definition of the advanced SPT-50 thruster (called SPT-50M), several engineering models have been manufactured and tested for performance, mechanical and thermal vacuum
capabilities. In addition, to estimate the thruster performance during extended operation, a comparative analysis of the operating and lifetime characteristics of the advanced SPT-50M thruster and prototype thruster has been
performed. The SPT-50 thruster is a part of a propulsion system on Canopus-V and Canopus-V-IK spacecrafts, and the cathode is qualified for 3000 start cycles. This cathode is designed to work with a discharge current from
1.25 A to 2.00 A. The mass flow rate in the cathode is less than 0.15 mg/s.

SPT-50 is qualified for a Russian customer. The qualification tests for the SPT-50 included: Acceptance testing, Total firing time accumulating —20 hours and 50 cycles, Mechanical test (transporting, random vibration and
shock), Thermocycles, Parametrical tests, and Life test: 1200 hours and 3000 cycles. The SPT-50M required improvements to specific impulse, mechanical design, lifetime, and number of cathode on/off cycles.

Through these various design improvements, the performance of the thruster was improved to those listed on the table above. The thruster was tested to 1000 hrs. The estimate lifetime is 5000 hrs (based on calculations from
a similar thruster).

References:

[1] Saevets, P., Semenenko, D., Albertoni, R., Scremin, G., “Development of a long-life low-power Hall thruster,” IEPC-2017-38.

[2] Guerrini, G., Michaut, C., Dudeck, M., Bacal, M., “Parameter analysis of three small ion thrusters (SPT-20, SPT-50, A3),” Proceedings of the 2"d European Spacecraft
Propulsion Conference, 1997.

[3] Gorbunov, A., Khodnenko, V., Khromov, A., Murashko, V., Koryakin, A., Zhosan, V., and Grikhin, G., “Vernier Propulsion System for Small Earth Remote Sensing Satellite
“Canopus-V”,” 32nd IEPC, Wiesbaden, Germany, 2011.

[4] https://en.wikipedia.org/wiki/List_of spacecraft_with_electric_propulsion
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SPT-50 Hall-type thruster (and advanced version, SPT-50M) [2 of 2]

Additional comments:

[Reference 1-2][June 2020]Kanopus-V Mission and thruster info]
Kanopus-V (also spelling of Canopus-V N1) is an Earth observation minisatellite mission of the Russian Space Agency, Roskosmos and ROSHYDROMET/Planeta. The
overall objective is to monitor Earth's surface, the atmosphere, ionosphere, and magnetosphere to detect and study the probability of strong earthquake occurrence.

“Canopus-V” comprises two “Canopus-V” satellites located in one plane with phase difference of 180° and on 510km altitude orbit. The “Canopus-V” SC includes a Vernier
Propulsion System (VPS) based on SPT-50 Stationary Plasma Thruster.

The VPS based on Stationary Plasma Thrusters SPT-501,2,3 developed by OKB “Fakel” (Kaliningrad, Russia) was chosen for “Canopus-V” SC taking into account the
achieved characteristics and grade of experience in natural conditions. The VPS of “Canopus-V” SC contains the following units:

* Two Thrusters SPT-50, one of which is a backup, providing a corrective pulse thrust

+ Two Xenon Flow Controller XFC-50 to supply xenon to main and redundant thrusters SPT-50

* respectively

* Flow Control Unit — FCU (the same Xenon Feed Unit) containing the main and backup branches to

« conduct xenon to XFC-50

+ Xenon Storage System (unit) XSS providing storage and supply of stock-pile into FCU

+ Power Processing Unit PPU-CV designed for power supply and control of VPS units.

+ Two SPT-50 thrusters, two gas control units, xenon feed unit, interunit pipes with receiver are structurally

+ united in SC Orbit Correction Unit.

[Reference 3][June 2020][Kanopus-V-IK Mission and thruster info]

Kanopus-V-IK is a small Russian (Roscosmos) remote sensing satellite for Earth-observation purposes. Designed to be operational for up to five years, the spacecraft has
an infrared capability for a primary purpose of detecting sources of fire as small as5 m x 5 m on a 2,000 km swath of land. The satellite could also monitor other natural and
man-made disasters, such as floods and chemical spillage. It could also be used to support agriculture and land usage, monitor shorelines and water conditions and search
for natural resources (IK =Infra-Krasny, means "infrared" in Russian).

References:
[1] Gorbunov, A., Khodnenko, V., Khromov, A., Murashko, V., Koryakin, A., Zhosan, V., and Grikhin, G., “Vernier Propulsion System for Small Earth Remote 8

Sensing Satellite “Canopus-V”,” 32nd IEPC, Wiesbaden, Germany, 2011.
[2] https://directory.eoportal.org/web/eoportal/satellite-missions/k/kanopus-v-1 N O
[3] https://directory.eoportal.org/web/eoportal/satellite-missions/k/kanopus-v-ik-1
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Propulsion Technology
Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (s)

Thrust type/magnitude
Delta-V (m/s)
Propellant

Power consumption (W)

Flight heritage (if any)
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MAXWELL [1 of 3]
Phase Four

RF plasma thruster
Phase Four (USA)
5-6

7.5"x7.5”x5.3”, wet mass 8.4 kg

3U and larger (SmallSats)

Maxwell firing on water propellant,
above, and operating in vacuum
chambers (two images below) [11]

374 to 1121s (747s at 330 W)

2.6 to 7.9 mN (160 to 500 W) for 100 kg, 5.2 mN at 330 W
Sample operating points: 950s and 18 mN at 550W, 110s and 13.6 mN thrust at 550W, 1440s and 8.8 mN at 550W [12]

~152 m/s at 330 W for 100 kg wet SmallSat (calculated, using Phase4 GUI with 2.1kg propellant and Isp = 747s)
Xenon (~2.1kg)

160 to 500W (330 W avg)

Transporter-1 (SpaceX rideshare) (launched Jan 24, 2021) — 2 units [8]

Transporter-2 (launched Jun 2021) — 1 unit [11]

SpaceX Starlink 26 (launched May 2021) — 1 unit [11]

Transporter-3 (launched Jan 2022) — 2 units [11]

Was projected for ROSE-1 (December 2018) but removed from launch schedule. [7]

Projected delivery to Capella Space in 2019 [6]

As of April 2022, total of 10 Maxwell systems delivered, and 6 are operating nominally on-orbit, with ~630 days accumulated operations.[11]

Commercially available YES, ~$200,000 each (with volume discounts) [10]

Last updated 12/2023
Additional comments:

[References 1-4][Mar 2019][General info]

The Phase Four RFT is an electrodeless RF propulsion engine that scales from the mass, volume and power budget of Cube Satellites up to larger satellite applications. Figure 1 shows a diagram of the core components of
The RFT and Figure 2 shows an image of The RFT-2 unit firing in the Phase Four laboratory. Propellant (nominally xenon gas) is injected into a “plasma liner” at a fixed mass flow rate, which is wrapped in an RF antenna with
a proprietary geometry. The liner-antenna assembly is housed inside a series of permanent magnets that generate a fixed magnetic field inside the liner and out of the liner’s exit orifice. A high frequency radio signal is applied
to the antenna and the “near field” radiation under the antenna inside the liner ignites the gas into a plasma, and subsequently heats the plasma propellant. The hot xenon plasma then expands rapidly in all directions inside
the liner. Similar to how a chemical rocket engine nozzle directs the hot propellant, the magnetic field inside the liner and in the near-region of the liner exit is designed to direct the hot plasma out of the exit orifice, generating
thrust. The baseline RFT system includes a thruster, power processing unit, propellant storage and management unit, and engine controller. It uses radio frequency waves to efficiently ionize and heat xenon plasma. Magnetic
fields then direct the plasma out of the engine nozzle, producing thrust. The P4 Radio Frequency Thruster (RFT) is a new system designed for small satellites while being scalable to large satellite and even launch vehicle
applications. The RFT was inspired by technology developed at The University of Michigan and licensed exclusively to Phase Four for commercialization.

References:

[1] Siddiqui, M., “Updated Performance Measurements of the Phase Four RF Thruster,” 34t Space Symposium, 2018.

[2] Siddiqui, M., Cretel, C., Synowiec, J., Hsu, A., Young, J., Spektor, R., “First Performance Measurements of the Phase Four RF Thruster,” IEPC-2017-431.

[3] http://phasefour.io/wp-content/uploads/2017/06/SPEC.pdf

[4] https://www.prnewswire.com/news-releases/phase-four-signs-contract-with-nasa-to-vet-its-propulsion-system-for-upcoming-small-satellite-missions-300654094.html
[5] https://spacenews.com/phase-four-wins-orders-for-smallsat-electric-thrusters/

[6] Open panel discussion at SmallSat Symposium 2019, James Behmer (P4, Director of Sales)

[7] https://space.skyrocket.de/doc_sdat/rose-1.htm

[8] https://spacenews.com/phase-four-launches-first-plasma-propulsion-systems/

[9] Public forum, Oct 2021, Panel presentation by Beau Jarvis, Phase Four

[10] https://www.phasefour.io/maxwell/ E

[11] Email correspondence with Umair Jan 2021, public information e @9

[12] Flyer distributed at Small Sat Conference, Aug 2023. DISTRO A: Approved for pUb“C release. OTR-2024-00338 Comm. avalil
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MAXWELL [2 of 3]
Phase Four

Additional comments:

[References 5, 6, 8][Mar 2019][Thruster sales and missions]
Phase Four announced Jan. 31 that it sold 6 of its Maxwell electric propulsion systems to Capella Space, a company developing a constellation of radar imaging satellites, with an
option for an additional, undisclosed number of thrusters. Capella Space is well-respected for its Synthetic Aperture Radar (SAR) technology that is designed to detect sub-meter
changes on the Earth’s surface and tapped Maxwell as the company's preferred propulsion solution for the firm's phased deployment of a constellation of 36 smallsats.

The company separately announced a deal with Tyvak Nano-Satellite Systems, a smallsat manufacturer, for “multiple” Maxwell thrusters. Maxwell is the first electric thruster
system offered by Phase Four, which has been developing systems that use radiofrequency technologies, rather than electrodes, for generating plasma. The company argues that
approach is less expensive and easier to manufacture that alternative thrusters. While the company announced last year smaller deals for thrusters with NASA and Earth imaging
company Astro Digital, Phase Four considers these deals to be the first major order for their thrusters. The company is currently able to produce up to 10 Maxwell thrusters a
month, and expects to double that production rate by the end of the year using its existing facilities.

James Behmer commented that they have sold 10 thrusters so far (as of Jan 2019), with Maxwell to be delivered at the end of 2019.

[Reference 7][Feb2019][ROSE-1 mission]

“‘ROSE 1 is a 6U CubeSat experimental spacecraft designed to provide an orbital test-bed for the Phase Four Radio Frequency Thruster (RFT), the first plasma propulsion system
to fly on a nanosatellite. This research program is intended to demonstrate that the Phase Four RFT can safely launch, operate and perform experimental orbital course
corrections in space. For the ROSE-1 mission, the spacecraft will fly in a LEO near-circular orbit with altitude of approximately 575 km and with inclination of approximately 98°.
The satellite was to be launched on Spaceflight Industry's SSO-A multi-satellite launch on a Falcon-9 v1.2 (Block 5) rocket, but was removed from this launch.”

[Reference 9][Mar 2019][Customers]

March 2019: “Phase Four, producers of electric radio frequency (RF) thrusters for in-space propulsion, created a new agreement with Japan-based Sunrise. Sunrise specializes in
aerospace technology, including satellite hardware and launch. As part of a three-year agreement, Sunrise will be bringing Maxwell, Phase Four’s turnkey electric propulsion
solution for small satellites (20-200kg) and other spacecraft, to market in Japan.”

[Reference 10][Aug 2019][Update]

Phase Four: [POCs Umair Siddiqui, Beau Jarvis]

Phase Four continues to strengthen their marketing presence. They brought a demo unit that was approximately 2U. Plumbing and tank made of titanium. They have also tested
water propellant, which generated lots of interested questions from the audience. This would require a propellant-feed system re-design. Development time to COTS for water is
unknown. They are still interested in EMI testing at Aerospace.

They have completed export control, FCC license, range safety, and shipping considerations.

[Reference 11]Mar 2021][Flight info]

Electric propulsion company Phase Four flew its first plasma thrusters on two spacecraft that were part of a SpaceX dedicated rideshare launch Jan. 24. Phase Four said its
Maxwell plasma propulsion systems were on two of the 143 spacecraft launched on the Transporter-1 mission. The company declined to name the satellites at the request of its
customer, which is flying an operational mission but is also testing other new designs on those spacecratft.

References:

[1] Siddiqui, M., “Updated Performance Measurements of the Phase Four RF Thruster,” 34" Space Symposium, 2018.

[2] Siddiqui, M., Cretel, C., Synowiec, J., Hsu, A., Young, J., Spektor, R., “First Performance Measurements of the Phase Four RF Thruster,” IEPC-2017-431.

[3] http://phasefour.io/wp-content/uploads/2017/06/SPEC.pdf

[4] https://www.prnewswire.com/news-releases/phase-four-signs-contract-with-nasa-to-vet-its-propulsion-system-for-upcoming-small-satellite-missions-300654094.html
[5] https://spacenews.com/phase-four-wins-orders-for-smallsat-electric-thrusters/

[6] Open panel discussion at SmallSat Symposium 2019, James Behmer (P4, Director of Sales)

[7] https://space.skyrocket.de/doc_sdat/rose-1.htm

[8] http://satnews.com/story.php?number=1950028036
[9] https://www.satellitetoday.com/innovation/2019/03/22/phase-four-and-sunrise-bring-electric-propulsion-to-japan/undefined

[10] SmallSat presentation, public release.
[11] https://spacenews.com/phase-four-launches-first-plasma-propulsion-systems/
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Phase Four
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[Reference 1][Oct 2021][Company and thruster information]

Public forum/panel presented by Beau Jarvis

Phase Four’s RF Thruster: Robust

4x systems on commercial spacecraft with 630
accumulated days on-orbit. Regularly used.
Nominal operations.

Maxwell Block 1 ‘stress test’: Operating at
highest power set point over a full propellant fill
with intense on/off cycling.

Over 105 hours of stress testing
More than 10,200 on/off cycles
~50% propellant remaining

Still going. Still nominal.

References:
[1] Public forum, Oct 2021, Panel presentation by Beau Jarvis, Phase Four
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Maxwell Systems Delivered 7 -
Lo—-1o

Maxwell systems on-orbit today

@}9 4 with ~630 days accumulated

operations. 7 on-orbit by 2021 FYE

ST 20 + Produced by Q2 2022
5 in production now - to be

delivered in October

e High performing EP systems with flight
heritage - TRL 9

Competitive Advantage: TRL + Cost +
Lead Time + Scalability + Fuel
Agnosticism

Flight Maxwell after final
inspection, prior to shipment
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High Performance Green Propellant — 1N (HPGP-1N) Series [1 of 6]

Propulsion Technology

Manufacturer/Country ECAPS(Ecological Advanced Propulsion Systems)/Bradford Engineering fhruster Type Hrer 'P"""fvnltage e
(SWEDEN) and Orbital ATK/Northrop Grumman (US) Propelant Lup-1035 B e

Thrust Class N - Coil Resistance (each coil) 1900

TRL 7'8 fOI’ 1 N mOdel MNominal Reactor Pre-heating Voltage 28VDC

Size (including PPU)
Design satellite size
Isp (s)

Thrust type/magnitude

Delta-V (m/s)
Propellant
Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

On following pages...

References:

ECAPS/Bradford Engineering/Orbital ATK

ADN monopropellant, (hydrazine substitute)

Various models, from 0.5U to large
Various models, from 1U to large (SkySats are roughly 100 kg each)
231s [7]

1IN model: 0.25 to 1 N (thrust range), 70 mN*s (impulse, minimum)
SkySat-3: 21 kN*s (impulse, total) [1]

~60 m/s to PRISMA (~200 kg) s/c, ~180 m/s to SkySat (~120 kg) s/c.
LMP-103S (ADN mixture)
8-10W

As of December 2020, there are 12 systems and 46 thruster in orbit [7]
PRISMA/Mango/Tango (2010), SkySat-3,4,5,6,7 (2016), SkySat 8-13 (2017),
SkySat 14-15 (2018).

Launched on Astroscale ELSA-d (~175kg) (March 2021), ArgoMoon aboard
Artemis-1 (100 mN thruster) (2021), Blue Canyon Tetra-3 (2021), and Altair [6]

YES

08/2022

Primary Operational Mode
Inlet Pressure Range
Thrust Range

Nozzle Expansion Ratio

Steady State ISP (vacuum) Typical

Density Impulse (vacuum)
Minimum Impulse Bit
Overall Length

Mass

FCV Type

- No of Seats

[1] Dinardi, A., Anflo, K., Friedhodd, P., “On-Orbit Commissioning of High-Performance Green Propulsion (HPGP) in the SkySat Constellation,” 315t Annual AIAA
Conference on Small Satellites, SSC17-X-04.
[2] Friedhoff, P., Anflo, K., Persson, M., Thormahlen, P., “Growing Constellation of ADN based high performance green propulsion (HPGP) systems,” AIAA JPC, 2018.
[3] Krejci, D., Lozano, P., “Space Propulsion Technology for Small Spacecraft,” Proceedings of the IEEE, 2018.

RCS+Av

4.5-22 Bar

25-1N

100:1

2000 - 2270 Ns/Kg
(204 -2315)

2480 - 2815 Ns/L

<70 mNs

178 MM

038 KG

Solencid

Dual Seat

Regulated Reactor Ore-heating Power
Target Life - Qual. Level
Pulses

Propellant Throughput
Longest Continues Firing
Accumulated Firing Time
Firing Sequences
Demonstrated Life

Pulses

Propellant Throughput
Longest Continues Firing Time
Accumulated Firing Time
Firing Sequences

Maturation Level

8-10W

60,000
24kg

45 minutes
25 hours

1500

60,000
24 kg

1.5 hours
25 hours
1500

TRLY

SkySat-3 HPGP flight system.
Multiple 1N systems installed.

[4] Friedhoff, P., Hawkins, A., Carrico, J., Dyer, J., “On-Orbit Operation and Performance of ADN based HPGP systems,” AIAA JPC, 2017.
[5] http://ecaps.space/assets/pdf/Bradford_ ECAPS_Folder_2017.pdf, http://ecaps.space/products-100mn.php, https://www.orbitalatk.com/defense-systems/missile-
products/HPGP/Docs/HPGP%20Fact%20Sheet%20APPROVED%200SR%2015-S-2043%20072115.pdf

[6] ECAPS public newsletter June 2020 E N O

[7] https://www.ecaps.space/products-1n.php e @
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High Performance Green Propellant — 1IN (HPGP-1N) [2 of 6]
ECAPS/Bradford Engineering/Orbital ATK

Additional comments:

[References 1-5] [October 2018][General information about the missions]

Manufacturer reports PRISMA successfully demonstrated 8% higher performance using HPGP than hydrazine on orbit.
ECAPS was selected to provide 19 complete 1N HPGP systems for Planet’s constellation of SkySat Earth observation satellites. Five SkySat satellites with HPGP systems
have been operational in orbit since 2016, and 6 additional SkySat satellites with HPGP systems launched in 2017. The 1N system is space qualified with 46 thrusters
currently in-orbit. Eleven Earth imaging satellites with ECAPS High Performance Green Propulsion (HPGP) systems are being flown by Planet (previously Skybox Imaging and
Terra Bella). SkySat- 3 was launched in June 2016 from the Satish Dhawan Space Centre on Antrix’'s PSLV, SkySat-4 through SkySat-7 were launched in September 2016
from the Guiana Space Centre on Arianespace’s Vega, and SkySat-8 through 13 were launched in October 2017 from Vandenberg Air Force Base on Orbital ATK’s Minotaur-
C. Each spacecraft's HPGP system has been successfully commissioned and is operating nominally in orbit. Combined the HPGP systems have accumulated 12.8 years on-
orbit, executed 118 maneuvers, and imparted 110 m/s of V. ECAPS is currently expanding its portfolio of thrusters to include 5N, 22N, and 220N thrusters. HPGP and HPGP
thrusters are available through Orbital ATK in the US.

References:

[1] Dinardi, A., Anflo, K., Friedhodd, P., “On-Orbit Commissioning of High-Performance Green Propulsion (HPGP) in the SkySat Constellation,” 315t Annual AIAA
Conference on Small Satellites, SSC17-X-04.
[2] Friedhoff, P., Anflo, K., Persson, M., Thormahlen, P., “Growing Constellation of ADN based high performance green propulsion (HPGP) systems,” AIAA JPC,

2018.
[3] Krejci, D., Lozano, P., “Space Propulsion Technology for Small Spacecraft,” Proceedings of the IEEE, 2018.
[4] Friedhoff, P., Hawkins, A., Carrico, J., Dyer, J., “On-Orbit Operation and Performance of ADN based HPGP systems,” AIAA JPC, 2017.
[5] http://ecaps.space/assets/pdf/Bradford_ ECAPS_Folder_2017.pdf, http://ecaps.space/products-100mn.php, https://www.orbitalatk.com/defense-systems/missile- E N O
products/HPGP/Docs/HPGP%20Fact%20Sheet%20APPROVED%200SR%2015-S-2043%20072115.pdf
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ECAPS/Bradford Engineering/Orbital ATK

Additional comments:

[Reference 1][Jan 2019][More information on PRISMA/Mango/Tango mission]
“‘PRISMA is a Swedish-led technology mission to demonstrate formation flying and rendezvous technologies (in-orbit servicing), designed and developed by SSC (Swedish Space Corporation). The
mission concept employs the small-satellite philosophy to demonstrate the functionality of a wide range of newly developed formation flying, proximity ranging and propulsion techniques with future
use in a wide range of missions. The project is funded by the Swedish National Space Board (SNSB) with SSC as the prime contractor. Further international project participants/contributors are: DLR
(German Aerospace Center), the Technical University of Denmark (DTU), and CNES, the French Space Agency. The main goals of PRISMA are to perform GNC (Guidance, Navigation and Control)
demonstrations and sensor technology experiments for a family of future missions where rendezvous and formation flying are a necessary prerequisite. The mission consists of two spacecraft, one
advanced and highly maneuverable one, called MAIN (Mango), and a smaller S/C without a maneuvering capability, called TARGET (Tango). The latter one simply follows the trajectory into which it
is injected by the launch system. The MAIN spacecraft has full translational capability, and will perform a series of maneuvers around the TARGET, on both close and long range approach, using the
different sensors provided. Both S/C will be delivered into the same orbit. In most cases, the MAIN will fly along-track with respect to the TARGET, such that the MAIN can "look" at the TARGET.” As
of 2013, all the PRISMA HPGP propulsion tests were deemed successful.

[Reference 2][Feb 2019][More information on SkySat configuration and on-orbit commissioning]

SkySat configuration:

For SkySat-3, “The propulsion system design consists primarily of 4X 1N HPGP thrusters, three propellant tanks, two service valves, a latch valve, a pressure transducer, and a system filter. All of the
fluid control components selected had flight heritage from previous missions. The three propellant tanks, which are connected in series and each of which has a Propellant Management Device
(PMD), hold a combined total of 10.5 kg of LMP-103S with sufficient ullage for the Helium pressurrant. The system operates in blowdown from a Beginning of Life (BOL) pressure of about 18.5 bar
(absolute) at 21C and is capable of delivering approximately 21 kN*s of total impulse.”

Propellant:

“The SkySat HPGP propulsion system utilizes the first “green” storable monopropellant qualified for space flight, which is the ADN-based LMP-103S. LMP-103S propellant is a blend of Ammonium
DiNitrimide (ADN), water, methanol, and ammonia. The most harmful chemicals in LMP-103S are methanol and ammonia. Unlike hydrazine the LMP-103S blend has low toxicity, is hon-carcinogenic,
and environmentally benign. Satellite propellant loading therefore does not require the use of SCAPE suits. LMP-103S has undergone extensive ground testing with respect to performance,
sensitivity, thermal characterization, compatibility, radiation sensitivity and storability. The propellant has been stored for more than 11 years (and ongoing) in a ground propulsion system end-to-end
test, without an indication of degradation or pressure build-up. Despite its high energy content, LMP-103S is classified as an insensitive substance (NOL 1.3) and further classified for transportation as
a UN 1.4S (when stored in its designated transport container), which allows for shipment as air cargo on commercial passenger aircraft.”

Thrusters before delivery:

“Each SkySat propulsion system includes 4X 1N HPGP thrusters. In HPGP thrusters, the propellant is thermally and catalytically decomposed and ignited by a pre-heated reactor. Nominal pre-
heating is regulated between 340 to 360C. For thermal control, the thruster is equipped with redundant heaters and thermocouples. The design and function of the thrusters developed for ADN-based
propellant blends have several similarities with monopropellant hydrazine thrusters. The combustion temperature of LMP-103S (1600C) is however significantly higher than for a hydrazine thruster.
The Thrust Chamber Assembly (TCA) is therefore made of iridium/rhenium and other high-temperature resistant materials. Prior to hot-fire testing, all thrusters are subjected to thermal vacuum
(TVAC) testing, random vibration testing, and radiographic (X-ray) inspection. ECAPS then performs acceptance hot-fire testing of each 1N HPGP thruster at three different inlet pressures prior to
integration into the SkySat propulsion systems.”

On-orbit commissioning:

“Following separation from the launch vehicle upper stage, the same propulsion system commissioning activities were performed on each SkySat. Depending on ground station contact scheduling,
the process took approximately 8 hours per satellite. First, the thruster catalyst bed heaters were activated and allowed to operate within their pre-heating temperature setpoints of 330 to 370C for 1
hour in order to thoroughly drive off any residual moisture and ensure complete and uniform heating of the entire reactor assembly. Then the 2 bar (absolute) Helium downstream of the isolation latch
valve was vented by opening all four thruster FCVs for two minutes, leaving the manifold in vacuum. After the FCVs were closed again, the isolation valve was commanded open to fill the manifold
with liquid propellant down to the upstream FCV seat. Finally, a manual firing sequence of 50 pulses with 100 ms on-time at 1% duty cycle was used to prime the FCVs with liquid, expel any Helium
gas that may have been trapped in the propellant feed lines (due to the tanks not being vacuum loaded) and to begin smooth and repeatable combustion. Experience has shown that it takes
approximately 5 pulse for propellant to reach each thruster’s reactor and for combustion heating to be observed on the reactor thermocouples. The entire system priming operation requires
approximately 7.5 grams of propellant. With the system primed and successful combustion demonstrated, the last step of propulsion system commissioning is to perform a 20 second closed-loop burn
with the firing commands issued by the satellite’s ACS controller.”

Anomalies on flight:

Overall all of the SkySat missions to date were considered successes. However, “in December 2016, SkySat-7 experienced an aborted propulsive maneuver due to a fault indicating that the satellite
had insufficient torque to maintain the burn attitude.” “A collaborative investigation was performed by Planet and ECAPS to determine the cause of the non-fire and develop mitigation options. The
investigation team determined that the most likely cause of the thruster non-fire was a leaking downstream FCV seat that caused ADN precipitation (due to long term exposure of the inter-seat
propellant volume to vacuum) and resulted in the downstream valve or feed tube becoming clogged. The issue was ultimately resolved with a new flight software command which allowed for an
increase to the FCV pull-in (opening) voltage application and duration.”

References:

[1] https://directory.eoportal.org/web/eoportal/satellite-missions/p/prisma-prototype
[2] Dinardi, A., Anflo, K., Friedhoff, P., “On-Orbit Commissioning of High-Performance Green Propulsion (HPGP) in the SkySat Constellation,” 31t Annual AIAA
Conference on Small Satellites, SSC17-X-04.
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High Performance Green Propellant — 1N (HPGP-1N) Series [4 of 6]
ECAPS/Bradford Engineering/Orbital ATK

Additional comments:

[Reference 1][Jun 2020][Thruster manufacturing update]

ECAPs has a number of thrusters in the pipeline, to be delivered to various customers in 2020 and 2021.
*Preparatory activities for Moog's first SL-OMV mission out of the United Kingdom with a scheduled delivery of 6 units in Q3, 2020. For more information about this mission, see Small Launch Orbital
Manoeuvring Vehicle will Enable UK Launched Small Satellite Missions.

*Procurement and manufacturing begun on 100 thrusters for Boeing.

*Eight 1N HPGP High Throughput systems for the first Astranis micro-GEO mission. Targeting delivery by Q3 and ready for launch Q1, 2021 this program will feature an innovative combined HPGP /
EP system.

*Twelve thrusters delivered to VACCO in Q4 2019 and the latest four have been delivered in March 2020 for use on Millennium Space Systems ALTAIR spacecraft.

*Four thrusters delivered to NanoAvionics in early May 2020.

*A double-capacity SkySat-like system is being engineered and built at Bradford Space in the Netherlands for York Space Systems, US, with a scheduled delivery in Q2, 2021

[Reference 2][Aug 2020][Thruster info for 5N model]
The 5N HPGP thruster is currently undergoing a test fire campaign with the NASA Goddard Space Flight Center, characterizing the performance of the thruster. The 5N HPGP is being examined for
potential use for an interplanetary mission, where it will provide a key maneuver and orbit-insertion capability.

References:

[1] ECAPS public newsletter Jun 2020

[2] https://www.ecaps.space/products-5n.php N O
e @9
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ECAPS/Bradford Engineering/Orbital ATK

Additional comments:

[Reference 1][Feb 2019][On-orbit burning sequence, provided by TerraBella/Planet (open literature)]
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References:

[1] Dinardi, A., Anflo, K., Friedhoff, P., “On-Orbit Commissioning of High-Performance Green Propulsion (HPGP) in the SkySat Constellation,” 315t Annual AIAA
Conference on Small Satellites, SSC17-X-04 (presentation charts from conference).
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High Performance Green Propellant — 1IN (HPGP-1N) [6 of 6]
ECAPS/Bradford Engineering/Orbital ATK

Additional comments:

[Reference 1][April 2022][Additional mission info and thruster anomalies]

COLORADO SPRINGS — Astroscale plans to resume an attempt to capture a satellite acting as a piece of debris in low Earth orbit despite losing half the servicer’s eight
thrusters. Most of the other issues that forced Astroscale to pause its End-of-Life Services by Astroscale-demonstration (ELSA-d) mission Jan. 26 have been mitigated or
resolved, the Tokyo-based startup said in an April 6 news release. However, the company has been unable to fix ongoing technical issues affecting four “non-functional” 1-

newton High Performance Green Propulsion (1N HPGP) thrusters. All eight thrusters were provided by Swedish propulsion specialist ECAPS, which is owned by U.S.-based

Bradford Space. Bradford Space CEO lan Fichtenbaum said his company is aware of the thruster issues and is providing support “to the best of our abilities.”

Fichtenbaum said: “These issues do not relate to and are not a result of the design or build of the thrusters and we have full confidence in our products.”

8 || no

References: E

[1] https://spacenews.com/astroscale-to-restart-debris-removal-demo-with-half-the-thrusters/ ® ®
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Propulsion Technology
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Nano (previously named IFM NanoThruster) [1 of 9]

Enpulsion
Field Emission Electric Propulsion (FEEP)
FOTEC/ENPULSION (AUSTRIA), ENPULSION Inc. (US)
6-7
0.6U to 1U, 670g (dry), 900g (wet) [1]
1U and larger
2000 to 6000 s [1], (4000s confirmed on-orbit) [6], 5000s demonstrated on orbit [7]

350 uN (continuous, nominal, at 35W power), 200 uN (continuous, nominal, at 20W power)
250 uN confirmed on-orbit [6], 10uN to 0.5 mN (dynamic, nominal), 5000 N*s (impulse, total) [1]

2000 m/s for 3 kg spacecraft, 525 m/s for 15 kg spacecraft

Indium

40W (operational, including neutralizer) [1], 3 to 5W (standby) [5]. 12V or 28V input power. Can be throttled.

YES.
136 systems in space on 61 different spacecraft [11]

Successful testing in orbit, performing confirmed orbit changes (customer un-named, launched 2018) [6, 7].

Successful testing in orbit, Planet (2018) [8]
Successful commission and on-orbit data reported for ICEYE-X2 (launched Dec 2018)
Scoped for OHB Italia’s IRIDE Constellation [12]

YES. Several models are now available for immediate delivery. “Base model” is ~$50K [1]
Now available as a stock item on the SmallSat Catalog from Orbital Transports [10]

03/2023

Additional comments on following charts...

References on next chart:
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IFM NanoThruster [2 of 9]
Enpulsion

References:

[1] https://lwww.enpulsion.com/

[2] https://www.cubesatshop.com/wp-content/uploads/2017/04/ENP-IFM-Nano-Thruster-Product-Overview.pdf
[3] https://forum.nasaspaceflight.com/index.php?topic=45723.0

[4] https://spacenews.com/austrian-startup-ramping-to-mass-produce-tricky-electric-propulsion-thrusters/

[5] Open panel at SmallSat Symposium (2019), David Krecji, Enpulsion CTO

[6] https://www.enpulsion.com/news/17-FEEP-First-Successful-In-Orbit-Demonstration-of-a-FEEP-Thruster.html
[7] Krecji, D., Schonherr, T., Reissner, A., “Direct thrust measurements and In-orbit demonstration of the IFM Nano Thruster,” Interplanetary Small Symposium (San Luis Obispo),
2019. Public charts.

[8] Krejci, D., Reissner, A., Seifert, B., Jelem, D., Horbe, T., Plesescu, F., Friedhoff, P., Lai, S., “Demonstration of the IFM Nano FEEP Thruster in Low Earth Orbit,” 4S
Symposium, 2018.

[9] https://lwww.enpulsion.com/wp-content/uploads/ENP2019-086.B-IFM-Nano-Thruster-COTS-Product-Overview-1.pdf

[10] https://smallsatnews.com/2021/05/18/smallsat-thruster-modules-from-enpulsion-now-in-orbital-transports-smallsat-catalog/

[11] Krejci, D., Reissner, A., “The first 100 FEEP propulsion systems in space: A statistical view and lessons learnt of 4 years of ENPULSION,” IEPC-2022-199.

[12] https://www.enpulsion.com/news/ohb-italia-selected-enpulsion-as-propulsion-partner-for-the-iride-constellation/
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IFM NanoThruster [3 of 9]
Enpulsion

Additional comments:

[References 1-7][Jan 2019][General information]
For 15 years, FOTEC has followed a technology push from ESA developing a FEEP propulsion technology for a very niche market of scientific satellites in formation flight.
ENPULSION was founded in 2016 as a FOTEC spin-out to scale the production of this thruster to several hundred units per year. The IFM Nano Thruster is a mature technology,
developed under ESA contracts for 15 years. In this time more than 100 emitters have been tested and an ongoing lifetime test has demonstrated more than 18,000 h of firing
without degradation of the emitter performance. The technology is scalable, and multiple IFM units can be clustered for a variety of mission needs. Field emission is an effect
which is closely tied to the presence of strong electric fields. In practice, this means that the fundamental structure on which field emission takes place is shaped like a needle,
due to the field-enhancing effect at the tip. An important application of this effect is the so-called ‘Liquid Metal lon Source’ (LMIS), because it uses the process of field emission to
ionize a thin film of liquid metal covering a needle which has been biased to a few kV with respect to a counter electrode. The thusly created ions are then accelerated by the
strong electric fields and can be used for ion implantation in semiconductor industry or micromachining in a focused ion beam (FIB). This principle of generating positive ions and
accelerating them by the very same field can also be used to generate thrust. When a liquid metal ion source is used in this fashion, it is termed ‘field emission electric propulsion’
(FEEP). Due to the accuracy with which it is possible to regulate the voltage between the needle and the extraction electrode, the ensuing thrust can be controlled with
unmatched accuracy. The main advantage of using FEEP thrusters lies in their capability to produce thrust from the sub-pN level to several tens of uUN per emission site. In this
environment, the proprietary porous tungsten crown emitter has been developed, which employs 28 needles for field emission. Apart from the multiple emission sites, the most
important new feature is the porous tungsten matrix which enables internal flow of the liquid metal to a very sharp tip. Neutralization is achieved by the use of two cold-redundant
electron sources acting as neutralizers. Such an electron source consists of a thermionic cathode type, which is heated up to 1,800 K and biased to -200 V.

References:

[1] https://www.enpulsion.com/

[2] https://www.cubesatshop.com/wp-content/uploads/2017/04/ENP-IFM-Nano-Thruster-Product-Overview.pdf

[3] https://forum.nasaspaceflight.com/index.php?topic=45723.0

[4] https://spacenews.com/austrian-startup-ramping-to-mass-produce-tricky-electric-propulsion-thrusters/

[5] Open panel at SmallSat Symposium (2019), David Krecji, Enpulsion CTO

[6] https://www.enpulsion.com/news/17-FEEP-First-Successful-In-Orbit-Demonstration-of-a-FEEP-Thruster.html

[7] Krecji, D., Schonherr, T., Reissner, A., “Direct thrust measurements and In-orbit demonstration of the IFM Nano Thruster,” Interplanetary Small Symposium (San Luis Obispo), 2019. Public charts.
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Enpulsion

Additional comments:

[Reference 1] [June 2018] [Company and general thruster info]
“ENPULSION, the only commercial manufacturer worldwide of the indium-based FEEP (Field-Emission Electric Propulsion) thruster, is announcing the successful demonstration of an in-orbit
CubeSat equipped with their proprietary IFM Nano product. This accomplishment occurred after our product was integrated in a 3U Platform that launched in January 2018. This marks a huge
step for innovation and technology by using the first ever FEEP thruster in space. “This is a historic moment not only for our company, but for the whole space industry. We strongly believe that
the FEEP technology is bringing a number of capabilities to the table that might very well disrupt our industry.” says Dr. Alexander Reissner, Founder and CEO of ENPULSION. “Immediately
after the spin-out from FOTEC, where this technology was developed for more than 15 years, we have seen an overwhelming demand for our product, even before we demonstrated the
technology in space and are pleased that we are now able to fulfill the expectations of our customers.”

During the commissioning phase, all subsections of the thruster have performed nominally and a fully neutralized 2mA ion beam has been emitted generating a thrust of ~250uN at an ISP of
~4000s. As part of the commissioning, a 15-minute constant thrust burn was performed resulting in a delta v of 4.1 cm/s which has been independently verified by measuring the orbital
parameters of the spacecraft.”

[Reference 2] [Feb 2019] [Company status]

David Krecji discussed Enpulsion’s status. They now have customers in 3 different continents, with several important deliveries in 2018. They just delivered a GEO smallSat, and the first
SmallSat travelling to an Asteroid. In 2018 they also delivered their first multiple NanoSat constellation, and delivered to ICEYE constellations. They opened batch production in June 2018, and
have delivered 40 thrusters which are currently in integration at customer facilities. They have now 6 thrusters flying in space, with on-orbit data available by end of 2019 (projected). They have
focused most of their efforts towards scaling up production. Currently they are producing approximately 2-3 thrusters per week with projections for 2019 of up to 10 per week with batch
processes. They are working towards a 2-week lead time from order placed to delivery. One important advantage over the ionic liquid systems (MIT/Accion) is that each of these thrusters is pre-
fired and characterized before delivery/flight.

Thruster operation:

FEEP thruster requires ~1 hr of pre-heating to melt the Indium, and then it takes 3-5W to maintain the liquid state (hot-standby mode).

In regards to contamination, David thinks that the peripheral part of the plume with have more neutrals and will therefore deposit metals on anything that might be impinging. In the core of the
plume, the ions would erode away any surfaces (which would be bad) but would not deposit neutrals (good).

[Reference 4][Feb 2019][Company news and manufacturing]

Sypniewski (Enpulsion’s senior business development engineer) said the company plans to produce 100 to 200 thrusters per year, and has 150 pre-orders from customers in Europe and the
United States. Among those customers is Iceye, a Finnish synthetic aperture radar startup that is flying a cluster of Enpulsion FEEP thrusters next year. Sypniewski said Fotec continues to
support Enpulsion with a team of more than 40 full-time engineers. Enpulsion consists of 15 full time employees today, he said, and will open its US office with two full-time employees. “The
plan is to expand quickly as demands are high,” he said. Sypniewski said Enpulsion is producing FEEP thrusters in Austria, but is open to manufacturing in the US if demand there

warrants further expansion.

[Reference 3][July 2019][Thruster maturation]
Enpulsion’s website states,”The IFM Nano Thruster is a mature technology, developed under ESA contracts for 15 years. In this time more than 100 emitter have been tested and an ongoing
lifetime test has demonstrated more than 17,000 hrs of firing without degradation of the emitter performance.”

[Reference 5][Aug 2019][Thrusters in space]
In December 2018, the first satellite with the IFM Nano Thruster was launched. As of March 2020, there are 28+ IFM Nano thrusters in space.

References:

[1] https://mwww.enpulsion.com/news/17-FEEP-First-Successful-In-Orbit-Demonstration-of-a-FEEP-Thruster.html

[2] Open panel at SmallSat Symposium (2019), David Krecji, Enpulsion CTO

[3] https://www.enpulsion.com/order/ifm-nano-thruster/

[4] https://spacenews.com/austrian-startup-ramping-to-mass-produce-tricky-electric-propulsion-thrusters/

[5] ] https://lwww.enpulsion.com/wp-content/uploads/ENP2019-086.B-IFM-Nano-Thruster-COTS-Product-Overview-1.pdf
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IFM NanoThruster [5 of 9]
Enpulsion

[Reference 1][Aug 2019][On-orbit demonstration data]

(-] ENPULSION

QOO

Porous crown emitter

Cold redundant
neutralizers

feed system

i (0 @) @)

IOD commissioning

3U Cubesat 3U Cubesat: ADCS bases on magnetic torquers and reaction wheels
SSO orbit
Passive Verification of
propellant Conducted _ _
reservoir and together with Emitter section

g FOTEC

[T w——

Tiiwens hesisd + Heater section and propellant liquification

Power +  Neutralizer
Processing Unit ~ Bias
+ Heating
+ emission

Thrusting tests

.

OO

Extractor section

] ENPULSION

Startup
Independent thrust verification

i (8 () @)

IOD commissioning

(‘»] ENPULSION

IOD commissioning

(‘f] ENPULSION

3U Cubesat +  Propellant liquification: Control to constant operating temperature during orbital cycles 3U Cubesat Propellant liquification: Control to constant operating temperature during orbital cycles
SSO orbit + Thrusting: control to emission current SSO orbit Thrusting: control to emission current
o s000 2 N
200 5 —— eminsian currant ! —— emissicn curent 0 S
L as 251 entref ] 4500 [ L T WA PE \\
P e N — : extractor current .WMWH & g 000 st e 200 R N 43
e | 4 2 | —— emittar veitage II - = 7 3 350 - \\ 4
150 —~ 5
i 4 L35 . R g N\ L a5
200 —— boand Ismpeaise ‘_.' o : E 5 % E 2500 g \\
housing tampsranses — 7 —— board temperature L 3 a —— g AN
_h“"““' temparatie — E o0 / . housing temperature - 5 1 i B é jx IIIW e \\\ 3
BT power =4 ~ + = —
_ pl ——— reservon temperature - £ + 25
i | o % . —— emission current | 2 E 05 2 g 1000 { 50 é
g | _ Tg 5 1 500 I'I 2t
5 | E K — t 15 E 0 o 0 o |+ 1s 5
I i o 2 B0 + I 252 00 a7 314 21 252 300 307 314 321 a o
E ‘-\_ Y ertrr T B §. A /___',-_H___H__\h - - | 1 z _ fime [homm] _ time [hemen] _ ] wuwml- | T 1
L T - los wt — i — = 1
— § %"x.__f—f-’ S ) — ] . S 05
el e 4} i —— t t t u t 8] el T e - SN o 4 4]
/- ——— : . . . i
° 0:00 0:28 0:57 1:26 1:55 2:24 2:52 321 0 L g - 0BT — : ‘52 :
T s SR | e 000 028 087 126 155 224 253 321
time [nomm| time [h:mm] time [rmm] time [h:mm]

OG0 wosspssonam (1) (in) (&) wwssrpssoncan (1) (in) (&)

References:
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Additional comments:

[Reference 1][Aug 2019][On-orbit demonstration data]
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Table 1. Change in average spacecraft semi-major axis due to thrust mancuver, measured from GPS
data and caleulated from propulsion telemetry

Maneuver parameters Average change in semi-major axis [m|
Caleulated from thruster GPS measurements
telemetry
Test 1 ln=2mA, 15 min T2 To=5
Test 2 few=2mA, 30 min 115 16+5

From: Krejci et al: Demonstration of the IFM Nano FEEP Thruster in Low Earth Orbit, 45 symposium, 56, Sorrento, IT, 2018.
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IFM NanoThruster [7 of 9]
Enpulsion

Additional comments:

[Reference 1][Aug 2019][On-orbit demonstration data]
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References:
[1] Kreciji, D., Schonherr, T., Reissner, A., “Direct thrust measurements and In-orbit demonstration of the IFM Nano Thruster,” Interplanetary Small Symposium E
(San Luis Obispo), 2019. Public-released charts. r]
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IFM NanoThruster [8 of 9]

Enpulsion

Additional comments:
[Ref 1][Oct 2019][On-orbit data from IFM Nano thrusters]
In total, over 85 IFM Nano Thrusters were delivered since 2018, with 25 currently in orbit onboard 7 spacecraft.

On-orbit results from an un-named customer (3U commercial CubeSat, launched in 2018 into an 500 km sun-synchronous orbit (SSO)) verified performance via GPS measurements to
within the uncertainty of the GPS measurements.

In addition, on-orbit results from the ICEYE X2 spacecraft, which carried 4 IFM Nano thrusters, launched in Dec 2018 into a 570 km x 587 km orbit showed good agreement for thruster
performance, and demonstrated various modes of operation. The on-orbit data presented verifies the thermal stability, maximum thrust operation
as well as advanced thrust controllability of the commissioned thrusters

[Reference 2][June 2020][On-orbit data from Planet]

The IFM Nano Thruster, a Cubesat sized liquid metal FEEP thruster has been tested on board of a 3U Cubesat. After an extensive commissioning phase, in which the functionality of all
subsections of the thruster was verified, first thrust maneuvers have been performed. After initial short firing tests, a first constant thrust maneuver with 15 minutes duration has been
performed, with the spacecraft ADCS maintaining thrust vector alignment. Comparison of GPS data before and after the thrust maneuver verified an average semi-major axis change of
the spacecraft by 70 + 5m. This change in orbital altitude corresponds very well with the expected 72m height change that was expected based on onboard telemetry provided by the
thruster. This test was followed by several thrust maneuvers including a 30-minute thrusting phase, showing again good accordance between orbit change calculated from thruster
telemetry and GPS measurements amounting to approximately 115m change in average orbit altitude. Throughout all ion emission phases, the spacecraft charge build-up was
prevented using the thruster’s neutralizer.

References:

[1] Krejci, D., Reissner, A., Schonherr, T., Seifert, B., Saleem, Z., Alejos, R., “Recent flight data from IFM Nano thrusters in a low earth

orbit,” IEPC-2019-A724.

[2] Krejci, D., Reissner, A., Seifert, B., Jelem, D., Horbe, T., Plesescu, F., Friedhoff, P., Lai, S., “Demonstration of the IFM Nano FEEP

Thruster in Low Earth Orbit,” 4S Symposium, 2018. LI
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IFM NanoThruster [9 of 9]
Enpulsion

Additional comments:

[Reference 1][Aug 2022][Thruster testing]
We presented selected flight telemetry from propulsion systems on 4 spacecraft, including two significant propulsive orbit maneuvers, and discuss different applications, including an example of precise
orbit keeping during the operational phase of two spacecrafts. We discuss data availability regarding a large number of ENPULSION NANO propulsion systems and based on this present high level
statistical ENPULSION NANO data including the data availability regarding total firing and hot standby durations, and report an accumulated firing duration of >650 hours on orbit for an ENPULSION
NANO in space. We discuss a variety of lessons learnt based on on-orbit operation, integration, and customer side ground test campaigns, which have been incorporated in the next generation
ENPUSLION R3 propulsion products.

Lessons learnt include:

- Propellant solidification cycling and propulsion system resets

- Volatile contamination during storage, AIT, and launch

- OBC commanding forbidden states

- Value of flexibility to change on-orbit command software

- Beam interaction with metallic structures (baffle or facility)

- Space environment interaction effects

- Propellant accumulation on extractor

[Reference 2][March 2023][News]
OHB ltalia selected ENPULSION as propulsion partner for the IRIDE constellation

Wr. Neustadt, Austria, Jan 23rd, 2023 — OHB lItalia selected ENPULSION as their propulsion partner for the IRIDE constellation. In December 2022 OHB Italia and ENPULSION signed a contract for
the delivery of 12 NANO thrusters, using ENPULSION’s unique Field Emission Electric Propulsion (FEEP) technology.

Under the supervision of ESA and ASI (Agenzia Spaziale Italiana) and in the frame of PNRR (Piano Nazionale Ripresa e Resilienza) the IRIDE constellation will be implemented in Italy and completed
by 2026. ESA (European Space Agency) and OHB Italia have signed the contract for the development of an initial batch of 12 satellites to be delivered by November 2024, with a negotiated option for a
further batch of 12 satellites to be delivered by November 2025. The industrial consortium led by OHB Italia also includes Telespazio, Optec, and Aresys as partners.

The IRIDE constellation will be composed of satellites of different types and sizes combining SAR, optical, panchromatic, hyperspectral, and infrared sensors. A unique and innovative constellation
designed to observe from space what is happening on Earth.

References:
[1] Krejci, D., Reissner, A., “The first 100 FEEP propulsion systems in space: A statistical view and lessons learnt of 4 years of
ENPULSION,” IEPC-2022-199.

[2] https://lwww.enpulsion.com/news/ohb-italia-selected-enpulsion-as-propulsion-partner-for-the-iride-constellation/ E
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NANOsatellite Propulsion System (NANOPS) /

Canadian Advanced Nanosatellite Propulsion System (CNAPS) — University of Toronto SFL

Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (s)

Thrust type/magnitude

Delta-V (m/s)
Propellant
Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

Cold gas propulsion
N20O monopropellant

University of Toronto Space Flight Laboratory
(SFL) (CANADA)

7, Successful mission operations
~2U

3t09

45 (new efforts targeting 100-200s)

45mN thrust average, 200 mN peak,
minimum impulse bit 0.0005N*s

>35 m/s (up to 100 m/s)

Liquefied SF6, upgraded to N20 g
- S-band ISL

AW Uﬂiﬁftic;nu ' o ; -!‘.‘,—th Antenna 7cm
Flown on 3U CANX2 CubeSat in 2008.
Follow-on mission aboard CANX4 and X5 in 5 ‘
June 2014 (15 kg each) X1>T .

GPS
Unknown I P e
06/2020

[Reference 1-3][Jan 2019][General info]

Thruster can operate in both continuous and impulse modes, and material costs were very low (<$20K). “Formation Flying” was achieved with CANX4 and X5. More information on
mission and accomplishments is available through the websites in the references. They have claimed to be the only micro-propulsion systems known to have been developed in Canada
for actual micro-missions to date. They have ongoing collaborations with COM DEV, MDA, Magellan Aerospace. The thruster was funded by the Canadian Space Agency.

References:

[1] Mauthe, S., Pranajaya, F., Zee, R., “The Design and Test of a Compact Propulsion System for CanX Nanosatellite Formation Flying,” AIAA-SSC05-VI-5.

[2] https:/iwww.utias-sfl.net/?page_id=1274

[3] http://utias-sfl.net/?p=2154 N O N O
[4] Bonin, G., Noth, N., Armitage, S., Newman, J., Risi, B., Zee, R., “CanX-4 and CanX-5 Precision Formation Flight: mission Accomplished!,” 29t Annual
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Micro Electro-Mechanical Systems-based PicoSat Inspector (MEPSI)

Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size

Isp (S)
Thrust type/magnitude

Delta-V (m/s)

Propellant
Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

The Aerospace Corporation

Cold gas

The Aerospace Corporation (US)

8+
System proven through successful mission operations.

~0.25U
~1U
30-40s

2.6 mN*s (impulse)
100 mN (continuous)

20 m/s (design, using HFC propellant)
0.4 m/s (flight, using Xenon)

HFC-236fa, Xenon

Flown on STS-113 and STS-116. Flight used 100 psia
Xenon to comply with NASA requirements

No

01/2019

[Reference 1-5][Jan 2019][General info]
The propulsion unit is a 3-D (Additively Manufactured) printed propulsion unit, using refrigerant or xenon as a propellant. Unit produced data on orbit, demonstrating rotation rate when the
propulsion unit fired. The reported thrust numbers are as demonstrated on orbit.

References:

Cold gas propulsion unit

[1] Hinkley, D., “A Novel Cold Gas Propulsion System for Nanosatellites and Picosatellites,” AIAA, 22" Annual Conference on Small Satellites, SSC08-VII-7.
[2] https://pdfs.semanticscholar.org/ec6a/2a6fff20911326549f03dc959e5e5741fdd9. pdf
[3] Hinkley, D., Hardy, H., “Picosatellites and Nanosatellites at The Aerospace Corporation,” In-space Non-destructive Inspection Technology Workshop, 2012.
[4] https://www.nasa.gov/pdf/626635main_inspace-4-3-hinkley.pdf
[5] http://space.skyrocket.de/doc_sdat/mepsi.htm
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NanoProp 3U Propulsion (MEMs cold/warm gas thruster modules) [1 of 2]

NanoSpace /| GOMSPACE

Propulsion Technology Warm gas thruster

Manufacturer/Country NanoSpace AB (SWEDEN) — now GOMSPACE (DENMARK) MEMS Thruster Chip — Vaive package

® O

Size (including PPU) ~0.5U (several models are available) gl

Design satellite size ~3U and ~6U models . =

Isp (s) Sl 10U T

Thrust type/magnitude 0.01 to 1 mN/thruster. Each unit has 8 thrusters, 40 N*s (impulse, total) :[ *;:I"'“-f“}‘
Thruster module offers 6 degrees of freedom. [10] ., 7 . ‘ lf"

Delta-V (m/s) 10-20 m/s § il -. _rd

Propellant Warm gas (Nitrogen) or other (recently Butane) . ,I ‘; 5#—

Power consumption (W) 2W per thruster head (8W/unit) TM.,Mnf_.l,.g:hw:::.‘:':m;m.,:i,..,;:wiwi

Flight heritage (if any) PRISMA (2010), TW-1 (2015, 3U model, aka STU-2), GOMX-4B (2018, 6U model) The thruster chip contains valves and

heaters and runs on nitrogen (although

ESTCube-2 (was 2018, now 2021 projected) [8] other gases may be substituted)

CANYVAL-C (launched March 2021) [9]

GomX-4D’s cold-gas thruster system takes up two half-cubesat

CO m m erC i al Iy a,v ai I ab I e YES units at one side of the nanasatellita, with two spherical

titanium tanks filled with liquid butane. It has four 1 mN
thnusters, typlcally to be fired In pairs while keeplng one st in

Last updated 12/2023 e

Photo is courtesy of Nancspace.

Additional comments:

[References 1-7][Feb 2019][General info]

NanoSpace was sold to GOMSPACE in 2016. The thruster module contains a silicon wafer stack with four complete rocket engines with integrated flow control valves, filters, and heaters.
Each wafer houses 4 thruster heads. Extremely small heaters are located inside the thrust chamber to improve the specific impulse and hence make efficient use of the propellant.
Laboratory results are promising and show thrust measurements. Feed pressures are about 60 psia.

The technology was first flown on PRISMA. TW-1 reported successful thruster firing, and thrusters are currently aboard GOMX-4B, launched Feb 2018. The BOMX-4B is carrying a warm
butane, 6U version of the thruster module. The components of the thruster system include a propellant tank, the MEMs thruster module, a pressure regular, a MEMs isolation valve, two
pressure transducers, a fill/vent valve, and a MEMs pressure relief valve.

References:

[1] Ransten, P., Johansson, H., Bendixen, M., et al. “MEMs Micropropulsion Components for Small Spacecraft,” AIAA-SSC11-X-2

[2] Palmer, K., et al, “In-Orbit Demonstration of a MEMS-based Micropropulsion System for CubeSats,”

[3] https://digitalcommons.usu.edu/cgi/viewcontent.cgi?article=3467&context=smallsat (presentation slides)

[4] Wu, S., Chen, W., Chao, C., “The STU-2 CubeSat Mission and In-Orbit Test Results,” Small Satellite Conference, SSC16-111-09

[5] http:/Irymdstyrelsen.se/Global/Forskare/Innovativa%20satellitprojekts%201%C3%A5g%20kostnad/NanoSpace_pres_ SNSB_hearing_nov_2011 v2.pdf
[6] http://space.skyrocket.de/doc_sdat/prisma.htm

[7] https://gomspace.com/Shop/subsystems/propulsion/nanoprop-3u-propulsion.aspx

[8] https://www.nanosats.eu/sat/estcube-2

[9] Kim, G., Park, S., Lee, T., Kang, D., Kim, N., Jeon, S., Lee, E., Song, Y., “Development of formation flying cubesats and operation systems for the CANYVAL- E

C Mission: launch and lessons learned,” Small Satellite Conference 2021, SSC21-WKII-01. N O
[10] Teerikoski, S., Tegedor, J., Bartle, J., Lawrence, J., Robin, F., “Optimization of propulsion systems with real-time precise orbit determination technology to
enable proximity operations and advanced mission capabilities,” Small satellite conference SSC23-X-07. ] * o
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NanoProp 3U Propulsion (MEMs cold/warm gas thruster modules) [2 of 2]
NanoSpace /| GOMSPACE

Additional comments:
[Reference 1][Feb 2019][News]
“ESA is making use of the standardized 10 cm. cubesats for testing new technologies in space. GomX-4B was ESA’s first six-unit cubesat, double the size of its predecessor
GomX-3, built for ESA by GomSpace in Aalborg, Denmark, who is also the builder of GomX-4A for the Danish Ministry of Defence. The cubesat pair was launched in February
of 2018 from Jiuquan, China. GomX-4B used its butane cold gas propulsion system to maneuver away from its twin, flying up to 4,500 km. away in a fixed geometry — a limit
set by Earth’s curvature and representative of planned smallsat constellation spacing — to test inter-satellite radio links allowing the rapid transfer of data from Earth between
satellites and back to Earth again. Supplied by the Swedish branch of GomSpace, the propulsion system allows the cubesat to adjust its orbital speed in a controlled manner by
a total of 10 m/s

[Reference 2][Nov 2019][Company news]

GomSpace’s subsidiary in Sweden and ESA have signed a contract to develop a miniaturized electric propulsion system suitable for small spacecrafts going on interplanetary
missions. The contract will be carried out under ESA’'s General Support Technology Program during the next 18 months and the value is 700,000 euros. The work will be led by
GomSpace Sweden and executed with ASP Equipment and IMS Space Consultancy. In this project, the goal is to develop an electric propulsion system that can take a 20 to
40 kg. class spacecraft from the edge of the Earth’s gravitational field to an asteroid. The project will expand GomSpace’s propulsion capabilities to span both cold-gas
technology for station-keeping, collision avoidance and maneuvering as well as electric propulsion technology for orbit changes, e.g., for safely disposing of spacecratft after the
end of a mission.

[Reference 3-4][June 2020][Flight information]

ESTCube-2 will serve as a prototype for ESTCube-3, an Estonian mission to orbit the moon that will blast off in the early 2020s. In addition, the European Space Agency is now
officially considering a joint Estonian-Finnish proposal to send a swarm of satellites based on the same Estonian design to rendez-vous with hundreds of asteroids.

The main objective for ESTCube-2 is to test a “plasma brake”. This is a new method of deorbiting satellites, which could help mitigate the problem of space debris. A tether is
charged in the ionosphere and the braking force then enables the satellite to drop out of orbit up to ten times faster than current methods.

ESTCube-2 is slated for launch in 2021.

[Reference 5][October 2021][Flight information]
It sounds like the CANYVAL-C mission flew a version of the GOMSPACE cold-gas thruster, although the exact model is not called out.

References:

[1] http://satnews.com/story.php?number=1595137208

[2] http://www.satnews.com/story.php?number=1093166159

[3] https://estonianworld.com/technology/estonias-mission-moon-revolutionise-space-travel/
[4] https://lwww.nanosats.eu/sat/estcube-2

[5] Kim, G., Park, S., Lee, T., Kang, D., Kim, N., Jeon, S., Lee, E., Song, Y., “Development of formation flying cubesats and operation

systems for the CANYVAL-C Mission: launch and lessons learned,” Small Satellite Conference 2021, SSC21-WKII-01.

[6] Teerikoski, S., Tegedor, J., Bartle, J., Lawrence, J., Robin, F., “Optimization of propulsion systems with real-time precise orbit

determination technology to enable proximity operations and advanced mission capabilities,” Small satellite conference SSC23-X-07. ®
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I-COUPS (lon thruster and COld-gas thruster Unified Propulsion System)
University of Tokyo

Propulsion Technology lon + cold gas

Manufacturer/Country University of Tokyo

TRL 7 Firing of the ion thruster on the
PROCYON flight model

Size (including PPU) 10kg (~3U)

Design satellite size 50kg and larger

Isp (s) 1000s

Thrust type/magnitude 300 to 350 uN

Delta-V (m/s) 100 m/s for ~70kg S/C

Propellant Xenon

Power consumption (W) 351038 W I-COUPS, ready for PROCYON

Flight heritage (if any) PROCYON (2015)

Commercially available No

Last updated 01/2021

Additional comments:
[Reference 1][Jan 2019][General info]
The University of Tokyo has successfully developed and operated miniature propulsion systems using ion thrusters on two small satellites: HODOYOSHI-4 and PROCYON. HODOYOSHI-4 is a 65 kg LEO satellite that was
launched in June 2014 by a Dnepr rocket. It is equipped with a miniature ion propulsion system, named MIPS, and the first ion thruster operation was successfully conducted on December 28th that year. PROCYON is a 67 kg
space probe that was inserted into an orbit around the Sun in December 2014 by a H-IIA rocket. PROCYON is equipped with a micropropulsion system, named I-COUPS, which unifies eight cold-gas thruster heads for RCS
and an ion thruster for high Av maneuver. The cold gas thrusters are operated since December 6! and the ion thruster has accomplished 223 hours operation since December 28th. MIPS (Miniature lon Propulsion System)
was developed by the University of Tokyo together with Next Generation Space Technology Research Association (NESTRA) in Japan, which developed HODOYOSHI-4. The satellite’s primary mission was to demonstrate
innovative small satellite technologies, and MIPS was one of the selected technologies. Development of the MIPS started from its EM in September 2011 to its final FM in March 2014. The FM has a total mass of 8.1 kg (dry
mass: 7.1 kg), a volume of 34x26x16 cm3, a power consumption of 39 W, and produces a thrust of 300 uN with a specific impulse of 1200 s. I-COUPS (lon thruster and COld-gas thruster Unified Propulsion System) was
developed by the University of Tokyo as a propulsion system for the small space probe PROCYON. PROCYON was launched as a small secondary payload by an H-IIA launch vehicle along with the main payload
HAYABUSA-2 and it will be the first small space probe to explore deep space in the class of less than 100 kg. Components and structure of ICOUPS were based on MIPS and development of I-COUPS was finished within one
year. Total mass of ICOUPS FM is 9.5 kg including 2.5 kg xenon propellant. The ion thruster produces a thrust of 350 uN and a specific impulse of 1000 s at 38 W of power consumption, and the cold-gas thruster yields a
thrust of 22 mN and a specific impulse of 24 s at 8 W of power.

[Reference 2][Jan 2019][Mission info]

Recently, the Japanese Proximate Object Close flyby with Optical Navigation (PROCYON) mission has shown successful operation of a propulsion system in space. The lon thruster and Cold-gas thruster Unified Propulsion
System (I-COUPS) was designed at the University of Tokyo and is an integrated system composed of two sets of ion and cold gas thrusters. Both technologies share the same gas feed system that provides xenon to be used
as propellant. This combines high thrust and large AV capabilities. Cold gas thrusters are used for reaction wheel de-saturation and small correction burns, while ion engines are kept for deep space maneuvers. In total, the
mass of the propulsion system is less than 10 kg, including propellant. The ion engines in the I-COUPS unit are an evolution of the Miniature lon Propulsion System (MIPS), which was previously launched on-board the
Hodoyoshi-3/4 mission (October 2014). This spacecraft was placed on a Sun Synchronous Orbit and had 65 kg of mass. The MIPS had a wet mass of 8.1 kg with 1 kg of propellant mass. lon thruster operation was proven by
providing continuous acceleration.

References:

[1] Takegahara, H., Kuninaka, H., Funaki, |., et al., “Overview of electric propulsion research activities in Japan,” IEPC, 2015. N O
[2] Koizumi, H., Inagaka, T., Kasagi, Y., et al., “Unified propulsion system to explore near-Earth asteroids by a 50 kg spacecraft,” AIAA-SSC14-VI-6. e o
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Aerotech 24MM E28T-7
Apogee Components

Propulsion Technology Solid rocket motors

Manufacturer/Country Aerotech (Apogee Components)
& The Aerospace Corporation (US)

TRL 7-8
Size (including PPU) <1 U (depends on bus)
Design satellite size ~2U
Isp (S) 220s (calculated from
manufacturer’s spec) Various propellant formulations
offered by Apogee Components
Thrust type/magnitude 40 N*s (impulse, total) ¥ Model: 52807 Y APOg P
50 N (max thrust) « Qty per pack: 3 motors

« Size: 24 mm Reload
« Casing (Not Included): AeroTech 24/40 Case (PN: 60001)

Delta-V (m/s) « Delay- 7 sec
o Burn Time- 1.2 sec

Propellant Ammonium Perchlorate o Total Impulse: 40 0 Newton-seconds
Power consumption (W) S MNBKERCA e 21 P Photo of PSSCT-2 as it is
# Max Thrust: 50.5 Newtons released inside the Atlantic
Flight heritage (if any) Pico-Satellite Solar Cell Testbed 2 « Total Mass: 550¢ Space Shuttle bay
(PSSC-2), 2011 « Propellant Mass: 184 g
Commercially available YES + Manufactured by: AeroTech
Last updated 01/2019

Additional comments:

[Reference 1-3][Jan 2019][General info]

Vehicle was flown on the final shuttle mission STS-135. 4X E28T boosters were flown on PSSCT-2 to demonstrate orbit-raising capability. In order to increase altitude, the motors had to
be fired along the trajectory of the satellite, and in order to meet NASA safety guidelines, the rocket firing command had to be sent manually while in contact with the ground station. The
first solid motor was fired on 11/4/2011, but alignment of the thrust vector through the satellite cg was off and caused the spacecraft to rotate. But positive thrust was observed and rotation
qguantified. Over the next few weeks, the remaining 3 solid motors were commanded to fire, but none of them ignited. It is unknown whether the failure was due to the prolonged exposure
of the solid propellant to vacuum, or whether the initial firing had an adverse effect on the remaining motors.

Burn time of the motors is 1.2 seconds, with a delay of 7 seconds. Aerotech makes various other sizes and types of solid rocket motors, but no others have been space qualified, to our
knowledge.

References:

[1] https://directory.eoportal.org/web/eoportal/satellite-missions/p/pssct-2

[2] http:/imww.apogeerockets.com/Rocket_Motors/AeroTech_Motors/24mm_Propellant_Kits/Aerotech_24mm_Propellant_Kit E28T-7 N O
[3] http://en.wikipedia.org/wiki/PSSC-2 ]
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Steam Propulsion — Aerocube 7 (OCSD Mission) and Aerocube 10
The Aerospace Corporation [1 of 2]

Propulsion Technology Water/steam
Manufacturer/Country The Aerospace Corporation (USA)
TRL 7
Size (including PPU) ~1U :(?:i(i)tis\?eal)(/:e’s ACT7
Design satellite size 1.5U, 3U, 6U ngrﬁ%ﬁgjgﬁiion
Isp (S) ~90s (nominally 70s)
Thrust type/magnitude 3to 5mN
Delta-V (m/s) 3to 10 m/s
Propellant Water
Power consumption (W) Requires 2.9W/mN to support continuous thrust, Nominally 5W
Flight heritage (if any) NASA OCSD/Aerocube 7 (AC7), launched 2017
Updated model flown on Aerocube 10A (JimSat) and 10B(DougSat), launched 2019
Commercially available NO
Last updated 10/2019 Figure 1: AeroCube-OCSD-B with deploved solar

panels.

Additional comments:

[Reference 1-6][Jan 2019][General information]

OCSD (Optical Communications and Sensor Demonstration), formerly known as IOCPS (Integrated Optical Communications and Proximity Sensors for Cubesats), is a cubesat mission by The Aerospace
Corporation of El Segundo to demonstrate a laser communication system for sending large amounts of information from a satellite to Earth and also demonstrate low-cost radar and optical sensors for
helping small spacecraft maneuver near each other. OCSD A was launched as a pathfinder in mid-2015 with AeroCube 5C to demonstrate all the subsystems required for the primary OCSD mission, and
will be used to evaluate the performance of the attitude-control system. In orbit, it suffered an attitude control problem that is preventing its laser communications payload from being tested. OCSD B and
OCSD C, featuring a simplified version of the laser flown on OCSD-A, as well as a new thruster system that uses steam for propulsion, was launched in 2017. The propulsion requirements call for ~3 m/s
of delta-v to bring two CubeSats to within 1 km of each other and to perform 30 sets of proximity operations. The propulsion system is oversized to 10 m/s to account for inevitable missteps in orbit control
and to allow for multiple tests of collision avoidance maneuvers. This propulsion system, like the one Aerospace flew on MEPSI in 2006, is fabricated out of plastic using additive manufacturing. It uses
water as a propellant, and ejected water vapor (steam) into space. The propellant tank and feed lines are voids in a single block of plastic. MEPSI had a plastic converging/diverging nozzle integrated into
the structure, but for this project, the team used an aluminum nozzle with a 700-um diameter machined throat. The thruster was tested by mounting the module on a sensitive electronic balance with the
nozzle pointing up. The whole system, except for the electronic balance display, was put in a vacuum chamber with feedthrough carrying the scale data output lines, the RS232 thruster control lines, and
the power plus ground lines for both the thruster and the scale. The satellites were commanded to fire thrusters early in 2018 and were successful; however, impulse bits generated by the thruster have
not scaled reliably with valve “on” time and we are still trying to understand the mechanisms at work. However, we believe these are the first CubeSats to perform proximity operations. Proximity
operations were enabled by an on-board GPA receiver and a 3-axis attitude control system with better than 0.05 degree pointing accuracy, originally developed the express purpose of aiming a laser
downlink in each CubeSat.

References:

[1] Rowen, D., Janson, S., Coffman, C., et al., “The NASA Optical Communications and Sensor Demonstration Program: Proximity Operations,” SSC18-1-05, SmallSat Conference, 2018.

[2] Janson, S., Welle, R., Rose, T., Rowen, D, et al., “The NASA Optical Communication and Sensor Demonstration Program: Initial Flight Results,” Small Satellites Conference, SSC16-111-03
[3] Welle, R., Utter, A., Rose, T., Fuller, J., Gates, K., Oakes, B., Janson, S., “A CubeSat-Based Optical Communication Network for Low Earth Orbit,” Small Satellites Conference, SSC17-XI-01
[4] http://space.skyrocket.de/doc_sdat/aerocube-7-ocsd.htm N O
[5] https://directory.eoportal.org/web/eoportal/satellite-missions/a/aerocube-ocsd

[6] https://space.skyrocket.de/doc_sdat/aerocube-10.htm
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Steam Propulsion — Aerocube 7 (OCSD Mission) and Aerocube 10
The Aerospace Corporation [2 of 2]

Additional comments:

[Reference 2][Oct 2019]AC7 performance, success]
On June 21, 2019, NASA demonstrated the first coordinated maneuver between two CubeSats in low-Earth orbit as part of NASA's Optical Communications and Sensor Demonstration
mission. The twin spacecraft, each approximately the size of a tissue box, were orbiting Earth about 5.5 miles apart when they established a radio frequency communications cross-link
to “talk” with each other. One spacecraft issued a command to the second to activate its thruster and close the gap between the two. The fuel tanks on both spacecraft are filled with
water. During this propulsive maneuver, the water was converted to steam by the thrusters to propel the spacecratft.

[Reference 1][Oct 2019][AC10 design and performance]

As of October, 2019, AC10 is about to begin operation. We should have on-orbit data shortly (within a few weeks).

David Hinkley gave a summary of the design of the AC10 thruster, limited to information available in the public domain, focusing on design improvements of AC10 over AC7, since
design information on AC7 is readily available publicly. Overall, AC10’s design is very similar to AC7 with some engineering design improvements.

One important lesson learned from AC?7 is that the nozzle produced an ice-ball while firing, which could only be alleviated by waiting for the ice to sublimate/evaporate. So the AC10
heater was moved to the nozzle to fix this issue. This is the only heater on the whole system and ensures that the nozzle is the hottest part of the assembly. The unitis run at 40C
nominally, but could go up to 60C if needed. The temperature for AC10 is measured in only one location — outside of the aluminum tank.

Valve redundancy was another difference between AC7 and AC10. AC7 had redundancy but AC10 did not.

AC7 experienced propellant overload problems due to oversight in water propellant loading volume and expansion upon freezing within the sponge reservoir. Therefore, the propellant
was not filled to 100% for AC10, to fix this issue. Similarl to AC7, AC10 utilized a sponge that carried the water propellant. The sponge physically touches the walls of the chamber so
that when heat is applied to the chamber, the sponge also heats. When the thruster propellant load is completely consumed, there is still enough moisture in the sponge that it retains
contact with the walls (the propellant is not designed to be 100% evacuated).

The nozzle for both systems is a simple conical 60 degree in and out design, with a 0.030” diameter throat, 0.020” throat length. The design of the nozzle was not optimized, as flow
rates/densities are low.

One last improvement from AC7 is the upgrade from a plastic to an all-metal (aluminum) tank. The tank has a gold plating for corrosion-resistance. This offers minimal leak risks and is
better for heating, is a cleaner package, and therefore has higher reliability.

[Reference 3][Oct 2021][AC10 performance on orbit]
In the summer of 2020, the pair of AeroCube-10 1.5U CubeSats completed a series of mutual proximity operations as close as 22 meters separation and captured several sets of
satellite-to-satellite resolved imagery, inspecting all faces of a vehicle in each pass with a resolution less than 8 mm.

References:
[1] Conversations with David Hinkley
[2] https://www.nasa.gov/image-feature/ames/cubesats-dance-one-water-powered-nasa-spacecraft-commands-another-in-orbit

[3] Gangestad, J., Venturini, C., Hinkley, D., Kinum, G., “A Sat-to-Sat Inspection demonstration with the AeroCube-10 1.5U CubeSats,”
Small Satellite Conference, SSC21-I-11, 2021. N O 7
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Propulsion Technology

Manufacturer/Country

TRL
Size (including PPU)

Design satellite size

Isp (S)
Thrust type/magnitude

Delta-V (m/s)

Propellant

Power consumption (W)
Flight heritage (if any)
Commercially available

Last updated

Additional comments:
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STAR-3 (STAR-3A) Series Solid Rocket Motors

Northrop Grumman

Solid rocket motor STAR Motor Performance and Experience Summary
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[Reference 1] [Jan 2019][General info]

According to NGC website: The STAR 3 motor was developed and qualified in 2003 as the transverse impulse rocket system (TIRS) for the Mars Exploration Rover (MER) program for the
Jet Propulsion Laboratory (JPL) in Pasadena, CA. Three TIRS motors were carried on each of the MER landers. One of the TIRS motors was fired in January 2004 to provide the impulse
necessary to reduce lateral velocity of the MER Spirit lander prior to landing on the Martian surface. The motor also has applicability for spin/despin and separation systems.

NGC reports the production status as flight-proven, as of Sept 2018.

References:

[1] https://www.northropgrumman.com/Capabilities/PropulsionSystems/Documents/NGIS_MotorCatalog.pdf E 7 N O
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STAR-5 (STAR-5A/STAR-5F) Series Solid Rocket Motors
Northrop Grumman

Solid rocket motor STAR Motor Performance and Experience Summary

Propulsion Technology

. o H_:-mlnal Total E_.ffe-ct_lve Propellant Weight Propellant
Manufacturer/Country Orbital ATK (now Northrop DT Diameter impuise,  SPeciic Mass  Tests
Grumman) (USA) 9 In. cm Ib-sec Ib,-:ecllb; e kg Fraction
3 TEM10821 | 318 | 808 281.4 266.0 1.06 0.48 0.42 % 3
TRL 7 3A TEM-108 | 318 | 808 64 4 2412 027 0.12 0.14 2 3
1G TE-M-1061 445 | 1130 555 2694 2 16 098 065 2 0
Size (including PPU) 8.8" (22.4 cm) L x 5.13" (13 cm) DIA 5 TEMS00 | 505 | 1283 895 189.0 38 172 087 4 1
(~2.5U) 5A TEM8531 | 513 | 1302 1,289 250 8 5 05 227 049 6 3
Design satellite size 3U and larger US| Temosts | 417 | o | e | oo | 48 | 210 | o | » | 1w
501 TEMS892 | 488 | 1239 3950 256.0 1522 6.0 058 3 | 3
Isp (s) 250s 5F EMA198 | 485 | 1232 2216 262.9 84 38 EY, g 194
. B TE-M-541-3 62 | 1675 3077 287 0 107 485 0.80
Thrust type/magnitude 170N (thrust, average) BA* TEM-542-3 62 | 1575 2,063 286 3 72 397 07?2 i 8
170 N (thrust, max) 6B TEMTH04 | 732 | 1858 3696 269 0 1345 610 060 8 18

5700 N*s (impulse, total) ;

- Star 5A
Delta-V (m/s) 700 m/s for 10 kg spacecraft (calc) _ motor

Propellant TP-H-3399, aluminum case @ w00
Power consumption (W) n/a " 600
Flight heritage (if any) STAR-5A => 3 flights = I P e | o
= | — n
STAR-5F => Many : | | ;
\ H
Commercially available YES ? N -
Last updated 07/2019 3 5 0 15 0 25 a0 3 40 P

TIME, SEC
Additional comments:

[Reference 1][Jan 2019][General info]

According to NGC website: The STAR 5A rocket motor was qualified in 1988 to provide a minimum acceleration and extended burn delta-v impulse. With a

low-average thrust and a unique off-center nozzle design, the motor can be utilized in many nonstandard geometric configurations for small payload placement or spin-up applications.
The STAR 5A first flew in 1989 from the Space Shuittle.

NGC reports the production status as “flight proven” as of Sept 2018.

References:
[1] https://www.northropgrumman.com/Capabilities/PropulsionSystems/Documents/NGIS_MotorCatalog.pdf E 7 N O
_ o o
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Modular Architecture Propulsion System (MAPS)
Pacific Scientific Energetic Materials Co.

Propulsion Technology Solid Rocket Motor array
Manufacturer/Country Pacific Scientific (PacSci) EMC (USA)
TRL 7
Size (including PPU) <1U, customizable
Design satellite size 1U and larger. Demonstrated on 3U PacSciSat ;
Isp (s) >210s :
Thrust type/magnitude Depends on number of SRMs in array, customizable.
165N over 60 ms using 4.8g propellant [5]
Delta-V (m/s) Customizable SRM array
Propellant SRM (contact manufacturer for info) B
Power consumption (W) <1W for 48 thruster array
Flight heritage (if any) PacSciSat (2017)
Commercially available YES
Last updated 01/2021

Additional comments:

[Reference 1-4][May 2019][General info]

From Nelson (2018): “The MAPS system is configured with arrays of hermetically sealed, single shot, solid rocket motors (thrusters) commanded by a low power SEA bus. The SEA bus is a tactical missile flight proven, very
low volume and power, multiple inhibit, space radiation tolerant, ASIC based control and firing system. SEA enables firing of hundreds of motors with microsecond repeatability and sub-millisecond sequencing. SEA may also
be used to control other vehicle functions. SEA interfaces easily with the satellite control system via RS-422 or other parallel or serial interface options.”

Also from Nelson (2018): “MAPS utilizes a patented, flight proven, very low volume and power, multiple inhibit, space radiation tolerant, ASIC based control and firing system known as Smart Energetics Architecture (SEA™).
SEA enables firing of hundreds of motors with microsecond repeatability and sub-millisecond sequencing. SEA may also be used to control other vehicle functions. SEA is based on the ISO 22896, Safe-by-Wire standard
developed by PacSci (Special Devices Inc.) in late 1998 and Philips Semiconductors. PacSci acquired all rights from Philips including intellectual property, ASIC wafer fabrication masks and all associated Safe-by-Wire
hardware. Additionally, PacSci has designed and manufactured many sizes of attitude control systems (ACS) rocket motors and conducted thousands of tests and is flight validated to TRL-9 in the tactical missile and space
market. These motors are used in active protection systems, missiles, and space vehicles. Motor impulse levels ranging from 0.0005 N-s to 1500 N-s have been manufactured, tested and flown. MAPS and SEA also have a
robust SEA patent portfolio. To achieve space flight heritage, PacSci designed, fabricated and orbited a CubeSat demonstrator called PACSCISAT. PACSCISAT launched June 23, 2017 on PSLV-C38 and included SEA
control electronics four MAPS solid rocket motors and four independent initiation devices. The mission was a success with the following results:

* 24 SEA functional commands w/zero errors

» 840 SEA status commands and 60,480 responses w/zero errors

* Four pyrotechnic initiator firings

» Two 20 N-s and two 4 N-s MAPS motor firings with exact and predicted PACSCISAT AV delivery”

The manufacturer claims 10+ years life. PACSCISAT, also known under the manufacturer’s designation Tyvak 53b, is a technology demonstrator built by Tyvak Nano-Satellite Systems, Inc. for Pacific Scientific Energetic
Materials Company (PacSci EMC) to provide spaceflight heritage to several of PacSci EMC's satellite products. PacSci EMC self-funded PACSCISAT to establish flight heritage, or flight-proven history, for these products.

References:

[1] Nelson, S., Current, P., “Modular architecture propulsion system (MAPS),” AIAA JPC, 2018.

[2] https://psemc.com/products/satellite-propulsion-system/#1520706709297-1c1a0650-aad1

[3] https://space.skyrocket.de/doc_sdat/pacscisat.htm N O
[4] Propulsion System Comprising Plurality of Individually Selectable Solid Fuel Motors, US Patent No 9790895 B2, 2017.

[5] Calculated values from [1] _ * o
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RIT 10 EVO (Radiofrequency lon Thruster)
Ariane Group

Propulsion Technology RF lon Thruster RIT THRUSTER FAMILY PERFORMANCE DATA

Manufacturer/Country Ariane Group (Airbus/Safran) (FRANCE/GERMANY)
RIT X
TRL 7-8 SmN | 15mN | 25 mN 70-88 mN | 151-171 mN | 198-215mN
<50W T45W | 435W | 7TBO W 2000-2500 W | 4000-4500 W | 4800-5300 W
Size (including PPU) ~1.5U (186 mm diameter, 134 mm depth) p—— R
Design satellite size 6U or larger (due to power requirement) Iﬁ_—
Isp (s) >1900 s T I
Thrust type/magnitude 5 mN (continuous, nominal) (up to 25 mN with increased power) _
>1,000,000 N*s (total impulse) - w0
e || T
Delta-V (m/s) >1500 m/s (calculated using 10 kg wet spacecraft, with 500g Xenon) TR
20-80Hz. +9db/oct 20-50Hz +6dBfoct fg;t-ZZSOH: %.n.‘mm
S S || o || e oo
Pro pel I ant Xenon Ao Overall: 18.4gRMS Overall 22.9gRMS Gveralr 5.1gRMS
- Photo of the RIT 10 EVO
Power consumption (W) 145W at 5 mN thrust R | P
Flight heritage (if any) Based on RIT-10, which flew on EURECA (1992) and ARTEMIS wiove 3
(2002). NESHESRES"
CO m m erC I al Iy aV a.l Iab | e YES Temg:f’;ﬁf:;‘;:;f 60°C o +160°C BE°C 10 +140°C -60°C o +190°C
Last updated 01/2021 e

Additional comments:

[References 1-4][Jan 2019][General info]

The radio frequency lon thruster uses a high-frequency electromagnetic field to ionize xenon gas atoms to form a plasma containing free ‘'light' electrons and 'heavy' positive ions. The
heavy positive ions are then accelerated by an electrostatic field before being ejected to cause thrust. After the ions have been ejected from the thruster, electrons are added from a
neutralizer. The plasma is thereby neutralized, which prevents the satellite from becoming charged.

Ariane Group makes a family of RF thrusters, and RIT 10 EVO is the second smallest in the family (the RIT uX is the smallest). The RIT 10 EVO has medium thrust has 10 years of flight
heritage. The divergence angle of the plume is roughly 15 degrees, and lifetime has been tested to more than 10,000 operational cycles and >20,000 hrs. It has also been qualification
tested (vibration, thermal cycling) extensively. Its design derives from that of the RIT-10, which has flown. The thrusters are basically identical, except for the grid system. In the RIT-10
EVO, a contemporary grid design is implemented.

The RIT-10 engine was the first western European ion thruster in space. It had its maiden flight onboard the retrievable platform EURECA (European Retrievable Carrier): EURECA was
brought to space with the US space shuttle ATLANTIS and back to Earth onboard the ENDEVOUR. Most probably RIT-10 is the only ion engine that could be inspected after operation in
space. The measured acceleration of EURECA confirmed the thrust prediction and was an important step in validating its proof of concept and design.

ARTEMIS was ESA's first GEO data relay communication satellite with the objective to demonstrate new communication technologies, principally for data relay and mobile services. The
technology demonstrations included an optical intersatellite link, first European operational use of an electric ion propulsion system, and a transponder for the support of EGNOS
(European Geostationary Navigation Overlay Service) for signal enhancement of the GPS/GLONASS navigation satellite constellations.

References:

[1] Leither, H., Altmann, D., Porst, J., Lauer, D., “Six Decades of Thrust — The Ariane Group Radiofrequency lon Thrusters and Systems Family,” IEPC-2017-027

[2] Leither, H., Killinger R., Bassner, H., Muller, J., Kukies, R., “Development of the Radio Frequency lon Thruster RIT XT- A Status Report,” IEPC-01-104 N O
[3] http:/mmww.space-propulsion.com/brochures/electric-propulsion/electric-propulsion-thrusters.pdf

[4] https://directory.eoportal.org/web/eoportal/satellite-missions/e/eureca ® B
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MICROJET/MICROJET2000/AQUAJET [1 of 2]
Aerospace Innovation

Propulsion Technology Warm gas/cold gas

Manufacturer/Country Aerospace Innovation (GERMANY)

TRL 7-8. Flown and spacecraft reported success, but no on-orbit data reported in public literature.

Size (including PPU) 0.3U (TET-1), ~20U (BIROS)
Design satellite size ~100kg

Isp (S) ~60s (estimated from similar technologies)

Thrust type/magnitude 67 mN/thruster (resistojet mode), 118 mN/thruster (cold gas mode)

Delta-V (m/s)

Propellant Water/antifreeze (TET-1), Nitrogen —max 310 bar (BIROS)

Power consumption (W) 36W (resistojet mode), 12W (cold gas mode). 18-24V
Flight heritage (if any) MICROJET launched on DLR TET-1 Satellite (2012) and BIROS (2016).
Commercially available YES

Last updated 08/2022

Additional comments:

[References 1-6] [Jan 2019][General info]

DISTRO A: Approved for public release. OTR-2024-00338

Microjet for TET-1

Microjet 2000 implementation on the BIROS satellite

Very limited information on performance of module on-orbit or on the ground from websites. TET-1 (Technologieerprobungstrager 1) is the core element of DLR's On-Orbit Verification
Program (OOV). The main aim of this program is to test new space technologies in a space environment over a period of one year. BIROS carried 2 thruster units, each capable of
generating 0.1N thrust. TET-1 and BIROS are part of the DLR’s “FireBird” Constellation. Microjet, developed by AIG (Aerospace Innovation GmbH) of Berlin, is a modularly designed
propulsion system for nanosatellites and microsatellites based on the gas resistojet concept. It consists of a PST (Pressure Tank Unit) with nitrogen which is filled or drained, respectively,
through an FDU (Fill and Drain), an FCU (Flow Control Unit) responsible for the control of correct propellant mass flow, as well as one or more THUs (Thruster Units). Each of these THUs
contains a pulse valve and a nozzle for the actual thrust generation. Additionally, according to the definition of the resistojet-concept, an electrical resistance-heating element might be
applied for higher performance demands. The entire propulsion system is controlled by the PCU (Propulsion Control Unit). The propulsion system is assumed successful. Various websites
report mission success in terms of autonomous rendezvous (one of the goals of BIROS), ““In the AVANTI experiment, we demonstrated for the first time that merely one passive camera is
sufficient to enable the autonomous approach of one satellite toward a non-cooperative object,” says Gabriella Gaias from Space Operations and Astronaut Training at DLR. The image
data was used to identify the target satellite and monitor its position. This then enabled the calculation and execution of the thrust maneuver needed to complete the approach. All of the
steps were fully autonomous and took place on board BIROS. During the experiment, BIROS approached its target cube satellite — which has an edge length of just 10 centimeters — to

within 50 meters.

References:

[1] Wemuth, M., Gaias, G., “Operational Concept of a Picosatellite Release from a LEO Satellite,” 25" International Symposium on Space Flight Dynamics (ISSFD), 2015.
[2] http://lwww.aerospace-innovation.com/innovation_activities.html

[3] http://space.skyrocket.de/doc_sdat/tet-1.htm

[4] https://directory.eoportal.org/web/eoportal/satellite-missions/b/biros

[5] http://lwww.parabolicarc.com/2016/12/20/biros-demonstrates-autonomous-rendezvous-space-image-data/

[6] https://best-of-space.de/portfolio-type/aerospace-innovation-gmbh-2/?lang=en
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MICROJET/MICROJET2000/AQUAJET [2 of 2]
Aerospace Innovation

Additional comments:

[Reference 1] [Jan 2021][Company info]
Aerospace Innovation GmbH was founded in March 2007 in order to provide complete system solutions and products in the field of aerospace. It was launched as a
complementary evolution of Al: Aerospace Institute, which was founded in May 2000 within the frame of the Technology Transfer Program at Berlin University of Technology
(TU Berlin). Aerospace Innovation GmbH and Al: Aerospace Institute are precursors for new and innovative technologies, providers of environmentally friendly and cost-
efficient rocket propulsion systems for terrestrial and orbital operation as well as centers of competence for strategic and technological aerospace-related questions. Due to
a long-standing experience in research and education along with extensive and detailed experimental work, both companies are characterized by a unique technical know-
how in the area of rocket propulsion and space system development. Being close to the Institute of Aeronautics and Astronautics (ILR) at TU Berlin, Al: Aerospace
Innovation GmbH as well as Al: Aerospace Institute supports a closer integration of research and industry.

[Reference 2][Aug 2022][Thruster info and follow-on efforts]
Components of the MICROJET were used for the lonJet (see lonJet), such as the flow subsystem.

References:

[1] http://www.aerospace-innovation.com/innovation_profile.htmi

[2] Scholze, F., Pietag, F., Bundesmann, C., Woyciechowski, R., Spemann, D., Kreil, M., kron, M., Adirim, H., “lonJet: Development of

a cost-efficient gridded ion thruster propulsion system for smallsats,” IEPC-2022-246 E ? N O
e o
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SNAP-1 Butane Propulsion
Surrey Satellite Technologies (SSTL)

Propulsion Technology Warm/cold gas
Manufacturer/Country Surrey Satellite Technologies (SSTL)
(USA)
TRL 7-8
Size (including PPU) <1U (size of a pencil)
Design satellite size 1U, 3U
Isp (S) ~45 s
Thrust type/magnitude 100 mN
Delta-V (m/s) ~2 m/s for 6 kg spacecraft i
Propellant Butane
Power consumption (W) ~15W
Flight heritage (if any) SNAP-1 (2000) i i
Commercially available YES - e
Last updated 01/2021

Additional comments:

[Reference 1-2][Jan 2019][Thruster and mission info]

A low-cost butane propulsion system has been successfully flown on Surrey’s SNAP-1 spacecraft — the first nanosatellite to successfully demonstrate an orbit-control propulsion system.
Due to its simplicity, we were able to design, build and test the propulsion system in 7 months, as necessary given SNAP-1’s rapid development schedule. Once in orbit, the propulsion
system was used to raise the orbit of SNAP-1 by 2.6 km and then ~0.4 km in absolute terms, giving ~3 km in total. However, once the effects of atmospheric drag have been taken into
account, this translates to an equivalent of almost 4 km change in height. The overall mission specific impulse achieved (43 s) was significantly lower than the theoretical figure (70 s).
This has been shown to be due to liquid-phase propellant being expelled at the start, which resulted in a much-reduced efficiency. Even so, a total mission AV of ~2 m/s was achieved with
just 32.6 g of butane propellant.

Surrey has various other butane propulsion systems for larger spacecraft, based on the SNAP-1 design.

References:
[1] Gibbon, D., Underwood, C., “Low Cost Butane Propulsion Systems for Small Spacecraft,” 15t AIAA/USU Conference on Small Satellites, SSC01-X1-1.
[2] Gibbon, D., Underwood, C., Sweeting, M., Amri, R., “Cost effective propulsion systems for small satellites using butane propellant,” Acta Astronautica, Vol 51, N O
2002.
e @9
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NanoSat MiPS
MICROSPACE

Propulsion Technology Warm/Cold gas
Manufacturer/Country MICROSPACE/MICRO-SPACE/MICRO SPACE

(ITALY/SINGAPORE)
TRL 7
Size (including PPU) Various models (1 or 2 axis 1/3U or 1U systems)
Design satellite size 1 U and larger
Isp (S) 50 to 100s
Thrust type/magnitude 100 uN to 10 mN. Thrust control 1% resolution
Delta-V (m/s) 3 m/s for a 3U CubeSat

MicroSpace MEMS-based

Propellant Argon (or other inert gas) Micropropulsion System
Power consumption (W) 2W (operational)
Flight heritage (if any) POPSAT-HIP1 (2014)
Commercially available YES, price listed on CubeSatShop as 80,000 to 130,000 Euros [3] Photo of POPSAT with thrust vectors
Last updated 01/2021

Additional comments:

[Reference 1-3][Jan 2019][General info]

Cold gas propulsion system complete with electronic controls and PPU. Eight micronozzles are placed on the corners and edges of the satellite to control 3 rotational axes. POPSAT-HIP1
was launched from Russia in 2014, and papers at the 2015 Small Satellite conference report nominal behavior and success. These units appear to be able to be bought off the shelf.
Pointing resolution is advertised as 0.1 arcsec.

Other propulsion systems may be available. The website mentions other technologies, describing them as “Modular, Fully integrated, Cold gas to Arcjet” and:

* 0.1,1,5& 10 mN Nominal Thrust

» 50s to 500s Specific Impulse

*  10pNs Minimum Impulse Bit

*+ 0.5W to 10W Power Consumption

*  1/3U Minimum Volume

* 5m/s to 500m/s delta-v

*  MEMS Technology

* 100% Customizable

But the website does not provide information on additional specific models available.

References:
[1] Manzoni, G., Brama, Y ., “CubeSat Micropropulsion Characterization in Low Earth Orbit,” 29t Annual AIAA/USU Conference on Small Satellites, SSC15-1V-5. E 7 N O

[2] http://www.micro-space.org/index.html
[3] https://www.cubesatshop.com/product/nanosatellite-micropropulsion-system/
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Resistojet electric propulsion system

Propulsion Technology Resistojet
Manufacturer/Country Surrey Space Center (UK)
TRL 7 Resistojet
Size (including PPU) Not reported, but estimated ~1U from images |
Design satellite size UoSat-12 was ~100 kg Restrictor
Isp (S) 127s
Thrust type/magnitude 125 mN at 100W power
Delta-V (m/s) 9.7 m/s for Uo-Sat

E Control
Propellant N20O + heaters Flight resistojets from Surrey Valve
Power consumption (W) 100W
Flight heritage (if any) UoSat-12 (1999) :E

N20 Tanks (48 bar)

Commercially available No
Last updated 01/2021 _:E

Additional comments:

[Reference 1][Jan 2019][General info]

UoSat-12 incorporated two separate propulsion systems, a compressed nitrogen cold gas system and a nitrous oxide resistojet system. The combined AV afforded to the UoSat-12 mission is 26.8 m/s (16.4 m/s from the N2
cold gas, 10.4 m/s from the N20O resistojet). The UoSat-12 reported qualification of the resistojet and cold gas propulsion system.

» The N2 cold gas system is used for attitude control and velocity change whereas, the resistojet is a technology demonstrator primarily used for velocity change. After initial checkout and experimentation, the N2 cold gas
propulsion system is being configured to operate in an experimental autonomous mode via software developed by the Microcosm corporation.

» EPS (Electric Propulsion System). EPS is an experimental resistojet electric propulsion system developed at SSC (Surrey Space Center). Water on nitrous oxide is super-heated over a resistive heater element, the resulting
hot gas is expelled through a nozzle to produce low-level thrust at moderate specific impulse. The thruster provides a thrust of 93 mN, using 90 W of input power. A total AV of 10.4 m/s is provided by a 2-liter tank of self-
pressurized nitrous oxide.

[Reference 2] [Jan 2019][Thruster development history]

The resistojet technology program was started at Surrey in 1995. Initially, the resistojet research focused on finding the right combination of power, working fluid, and heat transfer medium to produce a cost effective thruster
for small spacecraft applications. As the resistojet research progressed, the design converged on two systems, both utilising the same heating element and silicon carbide heat transfer bed but having different working fluids:
water and nitrous oxide (N20). By the time the resistojet research was completed, both thrusters were manifested on two separate space missions. The water and N20O resistojet designs each consume 100 watts of electrical
power providing an Isp of 127s (N20) and 152s (H20). The N20O is stored at its vapor pressure, 48 bar.

[Reference 3][Jan 2019][On orbit data]

The most recent achievement in UoSAT-12 checkout sequence is the commissioning of the cold-gas propulsion system and execution of a planned orbit change. This experiment met the following objectives: verification of
thruster commands, verification of accumulator closed-loop control system, calibration of thrusts, verification of attitude control system in presence of thrusting, and execution of 120-second in-track propulsive maneuver.

The 120-second maneuver was designed to change the semi-major axis of UoSAT-12 by about 200 metres and to move the satellite closer to the frozen orbit conditions required for the Microcosm Orbit Control Kit
experiments scheduled to commence this summer. GPS measurements from the UoSAT- 12 SGR confirmed the success of this maneuver.

References:
[1] https://directory.eoportal.org/web/eoportal/satellite-missions/u/uosat-12
[2] Haag, G., Sweeting, M., Richardson, G., “Low cost propulsion development for small satellites at the Surrey Space Centre,” SSC99-XII-2 N O N O

[3] Ward, J., Sweeting, M., “First in-orbit results from the UoSAT-12 Minisatellite,” SSC99-1-2.
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UoSat-12 cold gas

Propulsion Technology Cold gas

Manufacturer/Country Surrey Space Center (UK) o —
b T Tresteca
=g
TRL 7 el
™
Size (including PPU) Not reported, but estimated a few U from images. =N
Design satellite size UoSat-12 was ~100 kg g:[ ; i

Isp (s) otz
Thrust type/magnitude

Delta-V (m/s) 16.4 m/s for Uo-Sat
BANG-BANG Solenoidg\_\<

Prope”ant Nltrogen _— Low Pressure Transduser
Power consumption (W) 3W ~ High Pressure Transduser
Flight heritage (if any) UoSat-12 (1999)

: : N
Commercially available 0o RO ob A, REAR VIEW
Last updated 01/2021 FRONT VIEW

Additional comments:

[Reference 1][Jan 2019][Flight information]

UoSat-12 incorporated two separate propulsion systems, a compressed nitrogen cold gas system and a nitrous oxide resistojet system. The combined AV afforded to the UoSat-12
mission is 26.8 m/s (16.4 m/s from the N2 cold gas, 10.4 m/s from the N20O resistojet). The UoSat-12 reported qualification of the resistojet and cold gas propulsion system.

* The N2 cold gas system is used for attitude control and velocity change whereas, the resistojet is a technology demonstrator primarily used for velocity change. After initial checkout and
experimentation, the N2 cold gas propulsion system is being configured to operate in an experimental autonomous mode via software developed by the Microcosm corporation. The N2
system is pressurized to 4 bar.

* EPS (Electric Propulsion System). EPS is an experimental resistojet electric propulsion system developed at SSC (Surrey Space Center). Water on nitrous oxide is super-heated over a
resistive heater element, the resulting hot gas is expelled through a nozzle to produce low-level thrust at moderate specific impulse. The thruster provides a thrust of 93 mN, using 90 W of
input power. A total AV of 10.4 m/s is provided by a 2-liter tank of self-pressurized nitrous oxide.

[Reference 2][Jan 2019][Flight information]

The Uosat-12 cold gas design is composed largely of off-the-shelf components assembled into a seemingly ordinary cold gas propulsion system. One significant departure from an
ordinary system design is the inclusion of a bang-bang (BB) pressure regulation system. Space qualified pressure regulators have historically been high cost items; The BB regulator
replaces the conventional regulator with two valves, two pressure transducers and two

small accumulators. The BB system effectively steps down the stored N2 pressure to the operating pressure of the cold gas thrusters. The BB system does require more volume and
mass than its costly regulator alternative, but for this mission (as well as others currently under consideration) it provides a viable trade to save a significant amount of mission funds.

References:
[1] https://directory.eoportal.org/web/eoportal/satellite-missions/u/uosat-12 N O N O
[2] Haag, G., Sweeting, M., Richardson, G., “Low cost propulsion development for small satellites at the Surrey Space Centre,” SSC99-XII-2
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MIPS (Miniature lon Propulsion System)

Propulsion Technology lon thruster

Manufacturer/Country Univ. of Tokyo/Next Generation Space Tech. Research Assoc. (NESTRA) (Japan)
TRL 7

Size (including PPU) 34x26x16 cm”3, 8.1 kg (wet mass), 7.1 kg (dry mass)
Design satellite size 50kg or larger (Hodoyoshi was 65 kg)

Isp (s) 800 to 1200s

Thrust type/magnitude 200 to 300 uN (continuous, nominal)

Delta-V (m/s) 140 m/s for 50 kg s/c

Propellant Xenon

Power consumption (W) 39w

Flight heritage (if any) HODOYOSHI-4 (2014)

Commercially available No

Last updated 01/2021

Additional comments:

[Reference 1-2][Jan 2019][Mission info]

The University of Tokyo has successfully developed and operated miniature propulsion systems using ion thrusters on two small satellites: HODOYOSHI-4 and PROCYON. HODOYOSHI-4 is a 65 kg LEO satellite that was
launched in June 2014 by a Dnepr rocket. It is equipped with a miniature ion propulsion system, named MIPS, and the first ion thruster operation was successfully conducted on December 28th that year. PROCYON is a 67 kg
space probe that was inserted into an orbit around the Sun in December 2014 by a H-11A rocket. PROCYON is equipped with a micropropulsion system, named I-COUPS, which unifies eight cold-gas thruster heads for RCS
and an ion thruster for high Av maneuver. The cold gas thrusters are operated since December 6t and the ion thruster has accomplished 223 hours operation since December 28th.

MIPS (Miniature lon Propulsion System) was developed by the University of Tokyo together with Next Generation Space Technology Research Association (NESTRA) in Japan, which developed HODOYOSHI-4. The
satellite’s primary mission was to demonstrate innovative small satellite technologies, and MIPS was one of the selected technologies. Development of the MIPS started from its EM in September 2011 to its final FM (Flight
Model) in March 2014. The FM has a total mass of 8.1 kg (dry mass: 7.1 kg), a volume of 34x26x16 cm3, a power consumption of 39 W, and produces a thrust of 300 uN with a specific impulse of 1200 s.

[Reference 3][Jan 2019][Thruster info]

MIPS was developed using an ECR (Electron Cyclotron Resonance) plasma of a 4.2 GHz microwave system. The ECR plasma provides advantages of longer lifetimes and a simpler structure for ion thrusters. These features
are suitable for the down-scaling of ion thrusters. However, the down-scaling of plasma inherently leads to high ion production cost. This problem was solved by a new antenna design for a small-sized cavity, and a small
plasma source with low ion-production-cost was developed for microwaves as low as 1.0 W. This technique enabled a miniature ion source and a miniature electron source, neutralizer, driven by a 1.0 W microwave power
source, respectively, resulting in a miniature and low-power ion thruster. The MIPS consists of four units: an ITU (lon Thruster Unit), a PPU (Power Processing Unit), a GMU (Gas Management Unit), and a MCU (MIPS Control
Unit). All of the units are installed on a double-deck frame , and MIPS is handled as a modularized component to a satellite.

[Reference 4][Jan 2021][Updates]
We are currently working on a microwave-driven small ion thruster that will be installed on a small 50-kg satellite. The plasma source has a 1-cm diameter and an extracted/accelerated ion beam provides 200-400 micro-N
thrust and 1000-1500 s specific impulse. We have already developed two flight systems using these small ion thrusters for a small satellite, HODOYOHI-4, and a small space probe, PROCYON, that were launched in 2014.

References:
[1] Takegahara, H., Kuninaka, H., Funaki, I., et al., “Overview of electric propulsion research activities in Japan,” IEPC-2015-01/ISTS-2015-b-01.
[2] Koizumi, H., Komurasaki, K., Arakawa, Y., “Development of the miniature ion propulsion systems for 50 kg small spacecraft,” 48" AIAA JPC, 2012. N O N O

[3] https://directory.eoportal.org/web/eoportal/satellite-missions/h/hodoyoshi-3-4
[4] https://www.k.u-tokyo.ac.jp/pros-e/person/hiroyuki _koizumi/hiroyuki_koizumi.htm
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PRS-101 (Plasma Rocket System-101), Pulsed Plasma Thruster for EO-1

Propulsion Technology Pulsed Plasma
Manufacturer/Country Primex/General Dynamics (now Aerojet) (USA)
TRL [ PRS-101 Pulsed Plasma Thruster System
Size (including PPU) 5 kg each i i
Design satellite size Large (50-100 kg) PN 1071-1
EO-1 Configuration 92')
3 \ D ? S e o !
Isp (s) Up to 1350s [5], 650 to 1400s [3] Y Jienneaily
. (48 3
Th rust typ e/m ag nitu d € 1.24 mN @ 1O*O\N_ [5] . e [ Design Characteristics Performance
90 to 1000 uN*s (impulse bit, range), 460 N*s (impulse, total) [3] e B T T W—
m Max ThrustLevelt . .......... 1.24 mN @ 100 Watts ® Thrustto PowerRatio............... 12.4 uN/Watt
Delta'v (m/S) m Powerlevel ................ .. ... ... .......... = Demonstrated Capability. . ... ... 3,000 N-sec/thruster
~~~~~~~~~~~~~ Up to 100 Watts @ 28 vdc Unregulated = Predicted Capability (backed by selective testing) . . . .
g m  Compact Solid State Propulsion System 15,600 N-sec/system (thruster pair)
Pro pel I ant SOIId teﬂon = Ultra Low Minimum Impulse Bit for Precision Control Status < e
. . m  Enables All-thruster ACS (No Momentum Wheels) l_-l-:-l-i—l-'lt o
Power consumption (W) 12 to 70 W (variable), at 28V [3], up to 100W [5] ® Mass (wio propellant) . .. .. ............... 4.74kg ¢
= Includes Integral Power Processing Electronics Reference
o o o m Power Efficiency . . . . ... >80% = AIAA-2003-5016 = AIAA-2001-3637
Flight heritage (if any) EO-1 (2000) PR - AIAA-2002-3973 = AIAA-1999-3376
CO m m erC I aI Iy aval I ab I e YES "J?s’,’a'a?‘%'&ﬁ’u‘“‘rﬂ'li25‘3‘5333‘%’17"“ = Approved for public release and export AEROIET [5]

Last updated 01/2021

Additional comments:

[Reference 1][Jan 2019][Mission info]

Information on the EO-1 mission. EO-1 is a large (>100 kg) satellite that utilized mainly hydrazine thrusters but carried PPTs as a secondary system for demonstration. The PPTs it carried consumed roughly 100W, weighed 5
kg, and produced 460 N*s total impulse. Specific impulse was approximately 650-1400s (estimated). A series of fine pitch pointing maneuvers were performed after the end of the primary imaging mission. Flight operations of
the EO-1 PPT began on January 4, 2002. As of June 15, 2002, a total of 26.9 hours of operation and almost 97,000 pulses have been logged, including several image acquisitions and continuous control of the pitch attitude of
the spacecraft for over 9 hours for 5.5 orbits. This was the first flight demonstration of PPT throttling. Spacecraft pitch attitude was controlled to well within the 30 arcsec requirement during image acquisition and was generally
within 10 arcsec. In addition, sensitive tests with images of the dark Earth have detected no evidence of electromagnetic interference from the discharge or light pollution from the plume even though the ALI instrument was
known to have very sensitive electronic components.

[Reference 2][Jan 2019][Thruster development]

A Pulsed Plasma Thruster (PPT) has been developed for use in a technology demonstration flight experiment on the Earth Observing | (EO-1) New Millennium Program mission. The thruster replaces the spacecraft pitch axis
momentum wheel for control and momentum management during an experiment of a minimum three-day duration. The EO-1 PPT configuration is a combination of new technology and design heritage from similar systems
flown in the 1970's and 1980's. Acceptance testing of the protoflight unit has validated readiness for flight, and integration with the spacecraft, including initial combined testing, has been completed. The thruster provides a
range of capability from 90 uN-sec impulse bit at 650 sec specific impulse for 12 W input power, through 860 uN-sec impulse bit at 1400 sec specific impulse for 70 W input power. Development of this thruster reinitiates
technology research and development and reestablishes an industry base for production of flight hardware.

[Reference 3][Jan 2019][Thruster info]

The PPT uses solid Teflon propellant and is capable of delivering high specific impulse (650-1400 sec), very fine impulse bits (90-1000uN-s) at low average power (12 to 70W). The PPT consists of a coiled spring to feed the
Teflon propellant, an igniter plug to initiate a small trigger discharge and an energy storage capacitor and electrodes. Plasma is created by the ablation of the Teflon propellant from discharge of the storage capacitor across
the electrodes. The plasma is accelerated by Lorenz force in the induced magnetic field to generate thrust.

[Reference 4][Jan 2019][Thruster info] The overall efficiency of the unit is just short of 10%, with a PPU efficiency of over 80%. Stored energy is 9 to 50 J, and is throttleable.

References:
[1] https://directory.eoportal.org/web/eoportal/satellite-missions/e/eo-1
[2] Benson, S., Arrington, L., Hoskins, W., Meckel, N., “Development of a PPT for the EO-1 spacecraft,” AIAA-99-2276. E

[3] https://eol.gsfc.nasa.gov/new/Technology/PPT.htm
[4] https://earth.esa.int/web/eoportal/satellite-missions/e/eo-1
[5] https://www.rocket.com/sites/default/files/documents/Capabilities/PDFs/Electric%20Propulsion%20Data%20Sheets. pdf * @
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HET-300 (IHET-300), R-400EPS
Israeli Hall Effect Thruster [1 of 2]

Propulsion Technology Hall thruster

Manufacturer/Country Rafael (Israel)

TRL 7

Size (including PPU) ~2U (PPU size unknown)

Design satellite size Larger due to power requirements. VENUS was 270 kg.
Isp (S) >1210 s [1], >1300 s [2]

Thrust type/magnitude 14.3 mN at 300W [1], 135 kNs (impulse, total) [1]

Photo of thruster
on-board the

Delta-V (m/s)

Propellant Xenon (16 kg aboard VENUS) VENUS satellite [2]
HET-300 during test [1]
Power consumption (W) 250 to 600 W [1]
) ) _ Property Value
Flight heritage (if any) VENUS/VENWS (2017) Thrust @ 300W (EOL) > 143 mN
) ) Specific Impulse @ 300W (EOL) = 1210 sec

Commercial Iy available YES Power Operation Range 250W to 600W
Operating Life = 1100 hours

Last updated 01/2021 Number of Operation Cycles = 2000
Total Impulse =135 kNs [2]

Additional comments:

[Reference 1-2][Jan 2019][Thruster info]

VENUS includes a full on-board electric propulsion system, denoted R-400EPS, based on two low power Hall effect thrusters. The Hall thrusters, denoted IHET-300, operate in the 300-
600 W power range according to mission requirements.

HET-300’s mass is about 1.5 kg and its dimensions are 170x120x90 mm. Recent laboratory tests results of thrust and Isp of the qualification model at EOL are given in the reference. The
PMA is composed of a high-pressure tank storing 16 kg of Xenon and a set of valves, pressure reducers and manifolds to transport the gas. An extensive qualification campaign was
carried out to qualify all EPS equipment for the VENUS mission environment conditions. The thrusters were tested to a full life test of 2000 hours, which is twice (a factor of 2.0) as long as
needed for Venus mission. Life test was performed at various power levels and at various firing durations, but mainly on the representative mission figures of about 425 W and less than a
hour operation (representing the sunlight period of a LEO revolution). The lifetime test was carried along with the qualification cathode, in an identical as possible setup to satellite one.
Many tests were performed towards qualification for the environment conditions, including random vibrations, sine vibrations, shock, thermal vacuum, and static acceleration.

References:

[1] Herscovitz, J., Zuckerman, Z., Ley, D., “Electric propulsion development at Rafael,” IEPC-2015-30/ISTS-2015-b-30.

[2] Lev, D., Zimmerman, R., Shoor, B., Appel, L., Ben-Ephraim, M., Herscovitz, J., Epstein, O., “Electric propulsion activities at Rafael

in 2019,” IEPC-2019-600. E 7 NO
o o
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HET-300 (IHET-300), R-400EPS
Israeli Hall Effect Thruster [2 of 2]

Additional comments:

[Reference 1-4][Jan 2019][Mission info]
VENUS is the first cooperative Earth observation program between Israel (ISA) and France (CNES). The mini-satellite mission is being developed jointly by ISA (Israel
Space Agency) and CNES, under a memorandum of understanding between the two space agencies, signed in April 2005. In this setup, ISA and CNES are sharing
responsibilities for the VENUS program. ISA is responsible for the spacecraft bus, satellite integration, engineering data, and the satellite control center including mission
operations. CNES is responsible for the science mission center, including the science data processing center and programming center. CNES is also providing the
superspectral camera and is in charge of the launcher interface. The satellite carries two missions, a Scientific mission and a Technological mission. There are two main
objectives for the Technological mission: Hall Effect Thruster verification and validation in space. The verification is achieved by operating the thrusters in the space
environment. Its performances will be tested and qualified. Validation will be demonstrated for some mission enhancement operations. The VENUS spacecraft of ISA/CNES,
along with OptSat-3000 of the Italian Ministry of Defense, was launched on August 02, 2017 on a Vega vehicle (VV10) from the Guiana Space Center in Kourou. As of Jan
2019, VENuS is still completing its technological mission. The Technological mission is the demonstration of the advantages of using plasma engine thrusters vs hydrazine
ones for station keeping, LEO to LEO transfer, and drag compensation at low altitude. This electric propulsion system will bring the satellite down to 410 km — once the 2.5
years are over (in 2020) - and will maintain this altitude during one year (autonomous close loop navigation).

[Reference 5][Jun 2020]VENUS flight info]
VENUS has performed several experiments in 2018 and 2019, demonstrating performance of the thrusters between 300W and 500W.

[Reference 6][Jan 2021][Thruster status]
As of June 2019, the electric propulsion system was activated 147 times. Thus far, the propulsion system has been successful and proven to operate properly at a variety of
system power levels of 250-600W.

References:

[1] https://directory.eoportal.org/web/eoportal/satellite-missions/v-w-x-y-z/venus

[2] http:/lwww.rafael.co.il/5719-2612-EN/Marketing.aspx

[3] Herscovitz, J., and Karnieli, A., “VENuS Program: Broad and New Horizons for Super-Spectral Imaging and Electric Propulsion Missions for a Small Satellite,”
22nd AIAA/USU Conference on Small Satellites, Logan, Utah, 2008.

[4] Herscovitz, J., Appel, L., Barnett, D., Baron, D., Davidson, A., Gontmacher, P., Kedem, M., Lev, D., Merenstein, A., Rbinovich, L., Reiner, D., Salama, O.,
Amit-Shapira, Y., Shechter, Y., Shoor, B., Warshavsky, A., and Zhuravel, N., “VENuS — A Novel Technological Mission Using Electric Propulsion,” 35th IEPC,

Atlanta, Georgia, 2017.
[5] Herscovitz, J., Lev, D., Shoor, B., Katz-Franco, D., Berkman, S., Baron, D, and Adler, S., “VENuS — Updates on Technological Mission using the Israeli Hall E 7 N O

Effect Thruster (IHET),” 36th IEPC, Vienna, Austria, 2019.
[6] Lev, D., Zimmerman, R., Shoor, B., Appel, L., Ben-Ephraim, M., Herscovitz, J., Epstein, O., “Electric propulsion activities at Rafael in 2019,” IEPC-2019-600. e 9

102 DISTRO A: Approved for public release. OTR-2024-00338

Comm. avail. TRL Aerospace-tested



DISTRO A: Approved for public release. OTR-2024-00338

Drag Sail

Propulsion Technology Passive de-orbit

Manufacturer/Country University of Toronto, Institute for
Aerospace Studies (UTIAS)-Space

Flight Laboratory (SFL) (CANADA)

TRL 7

Size (including PPU) <1U

Design satellite size 3U

Isp (S) n/a

Thrust type/magnitude Propellant-less
Delta-V (m/s) n/a
Propellant n/a

Power consumption (W)

Flight heritage (if any) CANX-7 (2016)
Commercially available NO Photo of CanX-7 with drag sails deployed
Last updated 03/2019

Additional comments:

[Reference 1, 2][March 2019][Mission information]

CanX-7 (Canadian Advanced Nanospace eXperiments 7) is a demonstration mission involving a 3U-CubeSat nanosatellite that will incorporate a lightweight, compact, deployable drag
sail under development at SFL. The mission is funded by Defence R&D Canada (Ottawa), NSERC and COM DEV Ltd. The mission will demonstrate the drag sail's customizability,
modularity, stowability and effectiveness at achieving the deorbiting requirements of the IADC. The results will then be used to create a low cost, modular, and customizable deorbiting
device for nanosatellites and microsatellites in low Earth orbit, thus alleviating the programmatic and technical risk to space missions when using satellites of this class.

CanX-7 as a secondary payload was launched on Sept. 26, 2016 on the PSLV-C35 vehicle of ISRO from SDSC (Satish Dhawan Space Center) on the east coast of India. The primary
payload on the flight was SCATSat-1 of ISRO. The sail was successfully deployed on 3 May 2017.

References:

[1] https://space.skyrocket.de/doc_sdat/canx-7.htm 7

[2] https://directory.eoportal.org/web/eoportal/satellite-missions/c-missions/canx-7 N O N O
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Exo-Brake [1 of 2]

Propulsion Technology Passive de-orbit

Manufacturer/Country NASA (USA) P

TRL 7 24/
Size (including PPU) <1u —
Design satellite size 3U, 6U e ;

Isp (S) n/a

Thrust type/magnitude Propellant-less

Delta-V (m/s) n/a

Propellant n/a

Power consumption (W)

Flight heritage (if any) TechEdSat-5 (2016), 6, 8 (2019)
Commercially available NO

TechEdSat 5 [NASA]
Last updated 03/2019

Additional comments:

[Reference 1][Mar 2019][Device information]

Recent CubeSats have used NASA’'s Exo-Brake Parachute for mission deorbiting. An Exo-Brake increases the spacecraft’s drag once the tension-based, flexible braking device that
resembles a cross-parachute is deployed from the rear. The Exo-Brake development is funded by the Entry Systems Modeling project within the NASA Space Technology Mission
Directorate’s Game Changing Development program.

[Reference 2][Mar 2019][TechEdSat-5 mission]

TechEdSat 5 (Technical and Educational Satellite 5) is a 3.5U CubeSat. It was built as a conjoined project between San Jose State University (SJSU) and the University of Idaho as a
collaborative engineering project, with oversight from the NASA Ames Research Center.The TechEdSat-5 satelliteis based on the TechEdSat-4 design, but using an enlarged 3.5U
CubeSat bus. It will introduce a modulating exo-brake capable of changing its surface area allowing the satellite to more precisely enter the atmosphere. TechEdSat 5 has following
science and mission objectives: Establish improved uncertainty analysis for eventual controlled flight through the Thermosphere (perform detailed comparison to the TES-3 and TES-4
with respect to key Thermosphere variable uncertainty). Improve prediction of re-entry location. Provide the base technology for sample return technology from orbital platforms. Provide
the eventual testing of independent TDRV-based planetary missions Provide engineering data for an On-Orbit Tracking Device that could improve the prediction of jettisoned material from
the ISS. The satellite was launched on board of HTV 6 on an H-2B-304 rocket to be delivered to the International Space Station, from where it will be deployed at a later date.

References: 7
[1] https://sst-soa.arc.nasa.gov/12-passive-deorbit-systems N O N O

[2] https://space.skyrocket.de/doc_sdat/techedsat-5.htm
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Exo-Brake [2 of 2]

Additional comments:

[Reference 1][Mar 2019][TechEdSat-6 mission]
TechEdSat 6 (Technical and Educational Satellite 6) is a 3.5U CubeSat. It was built as a conjoined project between San Jose State University (SJSU) and the University of
Idaho as a collaborative engineering project, with oversight from the NASA Ames Research Center. It is a technology demonstration mission to demonstrate an Exo-Brake
system to provide a targeted nanosatellite de-orbit using fully propellant-less techniques.

The basic 3.5 U design for The Development of On-Demand Sample Return Capability-Small Payload Quick Return (TechEdSat-6) differs from the TechEdSat-5 design in
that a basic aluminum (T-6060) extrusion is used, but the length is adjusted to the accepted 400 mm length compatible with the NanoRacks CubeSat Deployer (NRCSD).
The approximate mass is 3.60 kg. On the TechEdSat-6 front end, the direction of flight is indicated by the Teflon cap labeled ‘front end’, protects the GPS/Iridium dual-patch
antennas just like in the previous TES-5 and 4 designs. This improves Global Positioning System (GPS)/Iridium reception/locking. The second Iridium (Iridium-B, associated
with the level 2 functionality) remains on one of the side-mounted locations and is used during the terminal re-entry phase. The internal design and structure remains
essentially the same as TechEdSat-5 and -4. After removal of the Remove Before Flight (RBF) screw, TechEdSat-6 is loaded into the NRCSD. At that point, three Auxiliary
Lateral Inhibit (ALI) switches provide the two-fault tolerant design to inhibit inadvertent power from initiating the system. Structural fasteners use at least two inhibits—at
least two of three: torque specification, locking nut, or Loctite-243. The software is also similar to the previous TechEdSat-5 design. The PWR Level 1 software has similar
but more robust function such as second initiator pulses should the Exo-Brake actuators not deploy the first time. This uses the Arduino Pro-Mini (processor: Atmel
Mega328P) board which controls the Iridium-A, actuators, and ultimately the upper level function. The upper level, or ‘Nominal’ mode, software is almost identical to
TechEdSat-5, and runs in the Intel/Edison environment. This controls the GPS and Iridium-B functionality. As before, the pc-boards are conformal-coated and the
harnesses/wires staked with the same approved materials. All testing, interface control document (ICD) and safety verification are conducted via the same procedures, and
captured in the integrated TechEdSat-6 Test/Verification Document (T6P6-06-XT001) Environmental_Master Test Report. It was selected in 2017 by NASA to be launched
as part of the ELaNa program.

[Reference 2][Mar 2019][TechEdSat-8 mission]

TechEdSat 8 (Technical and Educational Satellite 8) is a 1x6U CubeSat. It was built as a conjoined project between San Jose State University (SJSU) and the University of
Idaho as a collaborative engineering project, with oversight from the NASA Ames Research Center. It is a technology demonstration mission that will further develop and
demonstrate the Exo-Brake system through full recovery of a payload. It will feature a semi-autonomous control system to target the entry face point, as well as capabilities
to measure a unique ablation device on the forebody.

It was selected in 2017 by NASA to be launched as part of the ELaNa program. The satellite was launched to the ISS in late 2018 and was deployed on 31 January 2019
from the ISS.

[2] https://space.skyrocket.de/doc_sdat/techedsat-8.htm

References: 7
[1] https://space.skyrocket.de/doc_sdat/techedsat-6.htm N O N O
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Propulsion Technology Passive de-orbit
Manufacturer/Country MMA Design (USA)
TRL 7

Size (including PPU) 2.8 kg

Design satellite size 100 to 200 kg

Isp (S) n/a

Thrust type/magnitude Propellant-less
Delta-V (m/s) n/a

Propellant n/a

Power consumption (W)

Flight heritage (if any) ORS-3 Minotaur
Commercially available Yes
Last updated 03/2019

Additional comments:

[Reference 1, 2][Mar 2019][Device design]

MMA’s dragNET™ De-orbit System meets DoD and NASA requirements for de-orbiting space assets in low earth orbit (LEO) and has successfully de-orbited the ORS-3 Minotaur | Upper
Stage within a 2-year time frame. It features four compactly-stowed, thin membranes that release using a single heater-powered actuator. The deployment is powered via the release of
stored spring energy acting through articulating booms and, once tensioned, the membranes form a high-drag, aerodynamic shape to passively de-orbit the space asset thereby obviating
the need for additional space-propulsion resources. Release occurs after approximately two minutes of power at -45 degrees Celsius, and 15 seconds of power at 75 degrees Celsius.
Power is turned off to the release unit via an integrated limit switch or timed event. After release, the damped deployment takes approximately three seconds in ambient conditions, which
then deploys a 14m”"2 membrane using the pantographs that structure the membrane tension. The dragNET ™ De-orbit System has a mass of only 2.8 kg and can de-orbit a 180-kg
spacecraft from an altitude of 850 km in less than 10 years.

References:
[1] https://mmadesignlic.com/product/dragnet-de-orbit-system/ N O
[2] http:/Nlaunchstories.org/stories/WhatGoesUpMustComeDown
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D-Orbit Decommissioning Device (D3) [1 of 2]

Propulsion Technology Propulsive de-orbit/Solid rocket
D3 Configuration Low Earth Orbit (LEO)
M an UfaCtu rer/CO u ntry D-Orblt (ITALY) Class Slim Configuration S(}vi:?j;ge%??f;?k‘f::;%n
(basic) Control subsystems)
TRL 7 Namo™ | ~Conturaton | Wse™ (] Envaope il | Wass (1| Envlops i
D3.510 1x $10 16 320 x 320 x 250 18 320 x 320 x 300
D3.520 1x S20 22 320 x 320 x 300 24 320 x 320 x 350
Size (including PPU) >16 kg (several models available) [1,2] oasss  tnses w 4s0xas0xs 6 s0xas0xs
Smallest model is 300mmx300mmx250mm [1,2] BEcRO | i = e R
2 D3.C100 1x S55 + 2x S20 74 790 x 450 x 500 76 790 x 450 x 550
D-Sat fleW a ~1U unlt D3.C180 4x S55 144 1000 x 1000 x 500 146 1000 x 1000 x 550
D3.5250 1x 5250 149 500 x 500 x 900 151 500 x 500 x 1000
Deslgn Satellite SIZe 50 tO 100 kg (Or Iarger) D3.C360 1x S250 + 2x S55 221 1100 x 500 x 200 223 1100 x 500 x 1000
D3.C400  1x 5250 + 3x S55 255 1100 x 500 x 900 257 1100 x 500 x 1000

*S= Single Pulse | D= Dual Pulse | C= Cluster Configuration

ynd Control Unit (CCU)

D3 Configuration Medium Earth Orbit (MEO)

i 750 N*s [3 : oo Standard Configurati
Thrust type/m agnItUde [3] Class Slim C?:afs'%l"atw” e Electrical Interfaces
Control subsystems) (customizable upon request)
Delta'v (m/S) 70 m/S ona3u [3] D3.D14 1x D14 21 350 x 350 x 400 23 350 x 350 x 450 * Data Interface
Propellant Solid propellant (specifics not provided by D3 Configuration Geostationary Orbit (GEO)

) Quality and Reliability
manufacturer on website) [1,2] T e e

Standard Configuration

Class Slim Conﬁguration (with Telemetry, Tracking and

Non-metallized propellant based on AP + HTPB (basic) Control subsystems) * Components Level
[3] ‘ * Predicted Reliabilty
tude Unit ¢ Fail-Safe Architecture S
D3.D38 1x D38 38 350 x 350 x 400 40 350 x 350 x 450 .
® Critical Software
Power Consumptlon (W) n/a D3.D49 1x D49 46 350 x 350 x 500 48 350 x 350 x 550
Flight heritage (if any) D-Sat (2017)
rten 620 best customization for your sateliite design
f“"”“" ":“’" funding sales@deorbitaldevices.com
C . | I . I b | Y E S TR prvgact haa recelved ki i e Europes 202 Viale Risorgimento, 57 22073 Fino w.mmasc%%gl‘r Ist:(;
O m m erc | a y aval a e research and innovation programme under grand (+39) 02 3792 0900 | © D-Orbit SpA
deorbitaldevices.com
Last updated 07/2023

Additional comments:

[Reference 2][Mar 2019][D-Sat mission]

D-Sat is a 3U CubeSat designed, built, and operated by D-Orbit. The CubeSat was launched on June 23rd, 2017 into a 500 km sun-synchronous orbit, with the goal to validate D-Orbit Decommissioning Device (D3) in space.
June 2017 - The mission was successfully launched from Satish Dhawan Space Centre in India atop a PSLV rocket.

Sep 2017 - D-Sat successfully completed of the orbital segment of the mission; it completed an eleven-week flight plan, during which D-Sat performed multiple iterations of SatAlert and DeCas experiments.

Oct 2017 - D-Sat has concluded its mission, proving that D-Orbit Decommissioning Device (D3) is a flight-ready technology that can be integrated into the next-generation satellites. All subsystems, onboard sensors, and
actuators have been working perfectly throughout the mission, and all three experiments — DeCAS, Atmosphere Analyzer, and SatAlert — produced remarkable scientific contributions. In D-Sat’s design for redundancy,
critical software, manufacturing, flawless orbital performance, and flight-worthiness of D3, we have achieved most of our mission's key objectives: the goal of a direct and controlled decommissioning, however, was not
achieved. During the final phase of the mission, D-Sat successfully fire-tested the onboard D-Orbit Decommissioning Device (D3). The satellite moved into an elliptical orbit with a different inclination, compliant with orbital
debris regulations. All objectives related to motor ignition and operation process were achieved, and the change in orbital parameters confirmed that the motor produced the expected thrust. Our team was able to re-acquire
the signal of the satellite after the maneuver, and collect further data for analysis. According to a preliminary analysis, the cause for the missed reentry of the satellite is related to the interface between the D3 and the small
satellite: the alignment of the motor with the spacecraft’s center of gravity resulted to be outside the designed tolerance. While we had put in place strategies to mitigate this outcome, we knew we had little margin to play with
considering that the D3 installed onboard was designed for satellites one order of magnitude bigger.

As in any space mission we had to make a tradeoff that included a calculated risk, i.e. by not installing a thrust vector control for the solid propellant motor because it would have been not suitable for the volume available in
such a small satellite. The same D3 installed into a bigger satellite would allow a sufficiently reasonable misalignment tolerance between the motor and the spacecraft’s center of gravity. The adoption of a thrust vector control
will also remove the tolerance issue. We are proud of the work of our team, which is currently collecting further data.

References:

[1] https://www.deorbitaldevices.com/products/ N O
[2] https://www.dsat.space/

[3] Fanfani, A., “D-Sat Mission: An in-orbit demonstration of satellite controlled re-entry,” Clean Space Industrial Days, ESA-ESTEC, October 2017. Chart deck. e @
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D-Orbit Decommissioning Device (D3) [2 of 2]

Additional comments:

[Ref 1][Oct 2019][Thruster details]

The D-Sat satellite uses an Electro Explosive Device (EED) to ignite the rocket motor in a safe a controlled way. Main features of the rocket motor:
- Designed according to MIL-STD-1576 standard

- Mechanical barrier with a double lock architecture

- Four electronic barriers to avoid inadvertent EED ignition

- Hermetically sealed metallic box against EMI, humidity, explosive atmosphere and external fire

- Safing plug connector and additional mechanical provision for a safe ground handling

- Operating temperature range between -34 and 71C

- CubeSat form factor

It delivers about 750 N*s total impulse to the satellite, and uses about 300 grams of non-metallized composite propellant base on ammonium perchlorate (AP) and binder (HTPB). The
unit does NOT have thrust-vector control and instead relies on spin stabilization.

On-orbit data from D-Sat’s flight demonstrated a total deltaV of 70 m/s delivered, versus the ideal calculated 180 m/s. Reasons for the off-nominal performance include:
- Mounting misalignments of SRM within satellite structure (tolerances were <1.5 mm)
- Possible combustion instabilities, which may deviate the thrust vector during the fire

Possible mitigations include:
- Thrust misalignments could be assessed both during SRM verification and during D-SAT qualification campaign via dedicated firing test on thrust vectoring bench.

[Ref 1, 2][Oct 2019][Launches]
Future flights:
Projected on ION CubeSat Carrier (developed by D-Orbit), to be launched 2020.

References:

[1] Fanfani, A., “D-Sat Mission: An in-orbit demonstration of satellite controlled re-entry,” Clean Space Industrial Days, ESA-ESTEC,

October 2017. Chart deck. N O
[2] https://space.skyrocket.de/doc_sdat/ion-cubesat-carrier.htm e o
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Propulsion Technology Drag Sail
Manufacturer/Country Cranfield University
TRL 7

Size (including PPU)

Design satellite size ~100 kg (TDS-1 was 157 kg) [2]
Isp (S) n/a

Thrust type/magnitude n/a

Delta-V (m/s)

Propellant None

Image acquired by the inspection camera on board TechDemoSat-1

Power consumption (W) showing the Icarus-1 sail deployed with a view of Earth beyond. The

Flight heritage (if any) TechDemoSat-1 (TDS-1), launched 2014 equipment top left is the satellite’s Antenna Pointing Mechanism.
Commercially available NO Photo is courtasy of SSTL.
Last updated 06/2019

Additional comments:

[References 1, 2][Sail and mission general info]

DOS, developed at Cranfield University, is intended to demonstrate a novel means for de-orbiting a satellite at the end of its mission lifetime through deploying a sail to increase the
aerodynamic drag. The de-orbit sail is the product of several years of Cranfield University's work on sustainable approaches to space exploration. SSTL's TechDemoSat-1 gave the
Cranfield team the unique opportunity to take-on the challenge of evolving their ideas from designs on paper, to flight-ready hardware. Maintaining a low mass is always a challenge with
space projects; the TechDemoSat-1 de-orbit sail, Icarus-1 is made from a material called Kapton, which is just 25 pm thick.

The Icarus-1 drag sail consists of a thin aluminium frame fitted around one of the external panels of the spacecraft in which four trapezoidal Kapton sails and booms are stowed and
restrained by a cord. Deployment is achieved by activating cord-cutter actuators, allowing the stored energy in the spring hinges to unfold the booms and the sail.

The sail will be deployed when TechDemoSat-1 issues a command at the end of its mission.

This was completed successfully in 2018.

References:
[1] https://2019.smallsatshow.com/2019/05/31/sstl-image-reveals-de-orbit-drag-sail-on-board-techdemosat-1-successfully-deployed/
[2] https://directory.eoportal.org/web/eoportal/satellite-missions/t/techdemosat-1 N O N O
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MarCO Micro CubeSat Propulsion System [1 of 2]
VACCO

Propulsion Technology Cold gas

Manufacturer/Country VACCO (USA)

TRL 6-7

Size (including PPU) 1.5U (estimated), mass 3.5kg [5]

Design satellite size 6U

Isp (s) 40 s (estimated from similar technologies) R

Thrust type/magnitude 200 mN (Fotal) = 4 axial and 4 RCS .25 mN thru_s?ers | .
755 N*s (impulse, total), 0.5 mN*s (impulse, minimum) Prm"g:::tw:e “”"’.‘;T‘; T#::;s:m

Delta-V (m/s) 40 m/s c

Propellant R236fa refrigerant o

Power consumption (W) 0.5W (standby)

TTIIIIT

Flight heritage (if any) MarCO (“Mars Cube One”), 2018. |®| e F
Commercially available YES ¢
Last updated 06/2020 "

Additional comments:

[References 1-4][Thruster information and MarCO mission][Jan 2019]

The MarCO MiPS is an all-welded aluminum system-in-a-tank design with propellant storage, feed system, thrusters, and a controller based on VACCOQO’s patented Chemically Etched Micro Systems (ChEMS)™ technology.
This unit is designed to control a 6U CubeSat and can be easily application-engineer for other CubeSat configurations. Valve response time reported <20 msec.

The JPL Mars Cube One (MarCO) was the first interplanetary CubeSat and was propelled by VACCO’s smart, self-contained Micro Propulsion System (MiPS).

Mars Cube One was the first spacecraft built to the CubeSat form to operate beyond Earth orbit for a deep space mission. The primary mission of MarCO was to test new miniaturized communication and navigation
technologies. MarCO was a Mars flyby mission consisting of two nanospacecraft, of the 6U CubeSat format, that was launched on 5 May 2018 alongside NASA's InSight Mars lander mission. The MarCO spacecraft were
launched as a pair for redundancy, and flew at either side of InSight. The mission was for all three spacecraft to journey to Mars, and for the two CubeSats to provide real-time communications link to Earth for InSight during its
entry, descent, and landing when InSight will be out of sight from the Earth. (Note the CubeSats did not descend to Mars with Insight, they only provided communication while Insight descended while continuing their fly-by).
They successfully completed their primary mission. Having completed their primary mission, the small spacecraft continued in their elliptical orbits around the Sun. Engineers expected them to keep working for a couple weeks
after they pass Mars orbit, depending on how long their propellant and electronics lasted. The two Mars Cube One spacecraft were identical and officially called MarCO-A and MarCO-B and were launched together for
redundancy; they were nicknamed by JPL engineers as WALL-E and EVE in reference to the main characters in the animated film WALL-E. The MarCo mission cost was $18.5 million USD.

A few notes on the propulsion system performance are as follows: A slight leak was detected from a thruster on MarCO-B following a blow-down maneuver for thruster characterization early in the mission. After characterizing
the leak, and altering onboard behaviors to account for it, the team adopted a slightly different strategy for the second spacecraft. First, in anticipation that the leak might not end, or could change in the future, the spacecraft
performed regular plenum chamber blowdowns at specified attitudes to keep the spacecraft pushing towards Mars. This reduced the need for extensive thruster firing. The team continued to characterize the leaky thruster, as
well as slightly tweak the flyby location, as the spacecraft headed towards Mars. As of December 2018, Vacco has claimed a successful mission for both MarCO missions. They succeeded in providing real-time
communication relay while the InSight lander was in the entry, descent, and landing phases despite the MarCO-B leaks. No updated information on the leaky thruster has been released.

[Reference 5][Jun 2020][Mission info]

The MarCO spacecraft performed five trajectory correction maneuvers during the mission to Mars. The propulsion systems each contained 4X thrusters for altitude control and another 4X for trajectory corrections maneuvers.

References:

[1] http://www.cubesat-propulsion.com/jpl-marco-micro-propulsion-system/
[2] https://www.jpl.nasa.gov/news/press_kits/insight/appendix/mars-cube-one/
[3] https://en.wikipedia.org/wiki/Mars_Cube_One N O
[4] Klesh, A., Clement, B., Colley, C., Essmiller, J., Forgette, D., Krajewski, J., Marinan, A., Martin-Mur, T., et al., “MarCO: Early Operations of the First CubeSats to Mars,” SSC18-WKIX-04,, 2018.

[5] NASA 2020 SOA for Small Satellites (POC Gabriel Benavides). https://www.nasa.gov/smallsat-institute/sst-soa-2020/in-space-propulsion L
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MarCO Micro CubeSat Propulsion System [2 of 2]
VACCO

Additional comments:

[References 1][MarCO mission][Mar 2019]
FREMONT, Calif. — The twin cubesats that played a key role in NASA’'s most recent Mars lander mission have been out of contact with the Earth for more than a month,
suggesting their trailblazing mission has come to an end. In a Feb. 5 statement, NASA’s Jet Propulsion Laboratory said that it not heard from either of the Mars Cube One, or
MarCO, cubesats since the beginning of the year. One, nicknamed WALL-E, last contacted Earth Dec. 29, while the other, Eve, has been silent since Jan. 4. The MarCO
spacecraft were 6U cubesats launched in May 2018 as secondary payloads on the Atlas 5 that sent the InSight mission to Mars. As InSight landed on Mars, the MarCO
cubesats flew by the planet, serving as communications relays to allow controllers to get real-time telemetry from InSight as it landed.

The spacecraft carried out that prime mission as intended, receiving UHF signals from InSight as it landed and rebroadcasting it back to Earth at X-band frequencies. “MarCO
was there to relay information back from InSight in real time, and we did that extraordinarily well,” said Andy Klesh, MarCO chief engineer, at a press conference at JPL
immediately after the successful InSight landing Nov. 26. In its statement, JPL said that there were several possible explanations for why the two spacecraft were no longer in
contact with the Earth, including problems with sensors used to keep the spacecraft pointed at the sun or problems with their attitude control systems. JPL hasn’t ruled out
restoring contact with the MarCO cubesats, which are still receding from the sun in their heliocentric orbits but will start to move closer again this summer. JPL said the project
will at that point try to restore contact with the cubesats, but acknowledges that “it's anyone’s guess” if the spacecraft will still be functional then.

[Reference 2][Aug 2019][Conclusion of the MarCO mission]
More details and a thorough summary of the mission.

References:

[1] https://spacenews.com/mars-cubesats-fall-silent/

[2] Klesh, A., Baker, J., Krajewski, J., “MarCO: Flight review and lessons learned,” SSC19-111-04. N O
® @
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GR-1 (1N), GR-22 (22N) Green Monopropellant (aka MPS-230)

Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (s)

Thrust type/magnitude

Delta-V (m/s)
Propellant

Power consumption (W)

Flight heritage (if any)

Commercially available

Aerojet Rocketdyne/Ball Aerospace [1 of 3]

Green Monopropellant

Aerojet Rocketdyne/Ball Aerospace (USA)
7

0.33kg

1U and larger

235s (1N), 250 (22N)

1N thruster: 0.4 to 1.1 N (continuous), 23,000 N*s (total impulse), 8 mN*s (impulse bit, min)
22N thruster: 8 to 25 N (continuous), 74,000 N*s (total impulse), 116 mN*s (impulse bit, min)

AF-M315E

1N thruster: 12W (valve) + 10W (preheat power)
22N thruster: 28W (valve) + 30W (preheat power)

Flown on GPIM (aka STP-2, ~200 kg, launched June 2019)

YES

Aerojet Green Monopropellant thrusters
Last updated 08/2020

Additional comments:

[References 1-4][Jan 2019][Thruster and missions, general info]

Under development as a self-contained module to allow independent assembly at Aerojet Rocketdyne for subsequent integration into the bus, the GPIM demonstration payload, illustrated in Figure 3 and
shown in schematic in Figure 2, will deliver 50% more impulse than a comparably-packaged hydrazine system. Designed to attach to the Ball Aerospace BCP-100 bus via its standard payload interface
plate (PIP), the GPIM demonstration payload comprises a simple, single-string, blow-down AF-M315E advanced green monopropellant propulsion system employing four 1N attitude-control thrusters and
a single 22N primary divert thruster. The propellant feed manifold’s principal components, consisting of a standard diaphragm propellant tank, latch valve, and service valves, represent all flight-proven
(TRL 9 with hydrazine propellant) designs selected specifically for the long-term compatibility of their materials of construction with AF-M315E.

A major effort of the GPIM program is to mature and qualify all AF-M315E propulsion system components for this mission, and for infusion on future space missions. An extensive materials compatibility
test campaign is currently underway to confirm that all materials in system components that are wetted with the AF-M315E propellant are fully compatible, or material replacement of known incompatibles.
The thruster valve requires the most extensive modifications to ensure it is AF-M315E compatible. All wetted surfaces for the thruster valve, service valve, latch valve and propellant filter will be
manufactured from materials which are fully compatible with this propellant. The service valves being updated requires minor changes to all the sealing subcomponents. The latch valve is being evaluated
to determine if any modifications to its materials is required. The system filter is the only system component that does not require any changes since its propellant wetted surfaces are already compatible.
Through the Green Propellant Infusion Mission (GPIM), NASA is developing a green alternative to conventional chemical propulsion systems for next-generation launch vehicles and spacecraft. Led for
NASA's Space Technology Mission Directorate by Ball Aerospace & Technologies Corp., the project seeks to improve overall propellant efficiency while reducing the handling concerns associated with
the highly toxic fuel hydrazine. The space technology infusion mission also strives to optimize performance in new hardware, system and power solutions while ensuring the best value for investment and
the safest space missions possible. The Green Propellant Infusion Mission is scheduled to launch in 2018.

References:

[1] Masse, R., Spores, R., Allen, M., et al., “Enabling High Performance Green Propulsion for SmallSats,” 29t Small Satellite Conference, SSC15-XI-6.

[2] Spores, R., Masse, R., Kimbrel, S., McLean, C., “GPIM AF-M315E Propulsion System,” 49t AIAA Joint Propulsion Conference, AIAA 2013-3849.

[3] https://www.nasa.gov/mission_pages/tdm/green/index.html N O
[4] https://en.wikipedia.org/wiki/Green_Propellant_Infusion_Mission e °
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GR-1 (1IN), GR-22 (22N) Green Monopropellant (aka MPS-230)
Aerojet Rocketdyne/Ball Aerospace [2 of 3]

Additional comments:

[Reference 1][June 2019][GPIM mission]

* May 21, 2019: Ball Aerospace, a partner in the new NASA Green Propellant Infusion Mission (GPIM) announced their Ball Aerospace-built small spacecraft arrived in Florida today to prepare

for a June 2019 launch on board a SpaceX Falcon Heavy rocket. GPIM is NASA's first opportunity to demonstrate a new "green” propellant and propulsion system in orbit — an alternative to

conventional chemical propulsion systems.

- GPIM is a sustainable and efficient approach to spaceflight, and the new propellant will demonstrate the practical capabilities of a Hydroxyl Ammonium Nitrate fuel and oxidizer blend, called

AF-M315E. This innovative, low toxicity, "green" propellant was developed by the Air Force Research Laboratory. GPIM is part of NASA's Technology Demonstration Missions program within

the Space Technology Mission Directorate.

- Dr. Makenzie Lystrup, vice president and general manager, Civil Space, Ball Aerospace stated that GPIM was a truly collaborative effort, working with their partners, NASA, Aerojet

Rocketdyne, Air Force Research Laboratory, U.S. Air Force and SpaceX. They are proud to be part of this historic mission to test a new 'green’ propellant on board Ball's flight-proven small

satellite, helping to provide science at any scale.

- Ball Aerospace is responsible for system engineering; flight thruster performance verification; ground and flight data review; spacecraft bus; assembly, integration and test; and launch and

flight support. The GPIM bus uses the smallest of the Ball Configurable Platform (BCP) satellites, which is about the size of a mini refrigerator, and was built in just 46 days. The BCP provides

standard payload interfaces and streamlined procedures, allowing rapid and affordable access to space with flight-proven performance.

* March 31, 2016: GPIM recently took another major step toward demonstrating the capabilities of a new propellant that is safer to handle on the ground and more efficient for thrusters in

space. The GPIM spacecraft has passed a major flight readiness milestone marking the successful completion of functional and environmental testing of its systems and software, and is on

track for launch in early 2017.

* Oct. 5, 2015: The propulsion subsystem for NASA's Green Propellant Infusion Mission has been integrated onto the spacecraft, moving the mission another major step toward scheduled

launch in 2016.

* August 19, 2015: NASA's Green Propellant Infusion Mission to develop a high-performance, low-toxicity fuel and propulsion system for spacecraft has passed a major milestone. A green

propellant propulsion subsystem, built by Aerojet Rocketdyne in Redmond, Washington, has been delivered to the mission's prime contractor, BATC (Ball Aerospace & Technologies Corp.) in

Boulder, Colorado.

- The green propellant propulsion subsystem consists of a propellant tank and five 1 N thrusters that will use the new fuel. Because AF-M315E burns hotter than hydrazine, it required new
metals to withstand the temperatures in the thrusters aboard the propulsion system.

[Reference 2][Aug 2019][GPIM mission status]

Ball Aerospace has officially commissioned NASA’s Green Propellant Infusion Mission (GPIM) and begun on-orbit testing of a non-toxic, high-performance propellant. GPIM launched on June
25, 2019 at 2:30 a.m. EDT on board a SpaceX Falcon Heavy rocket.

Over the next thirteen months, Ball Aerospace and its partners will test the thruster capabilities by verifying the propulsion subsystem, propellant performance, thruster performance and
spacecraft attitude control performance. The primary mission of testing the thrusters and fuel will be complete within three months followed by testing of the secondary science payloads.

[Reference 3][June 2020][Flight information]

An AF-M315E (ASCENT) based propulsion system has flown as a technology demonstration on the NASA Green Propellant Infusion Mission (GPIM), launched July 2019. This
small spacecraft was designed to test the performance of this propulsion technology in space by using five 1-N class thrusters for small attitude control maneuvers. Aerojet
completed a hot-fire test of the GR-1 version in 2014 and further tests in 2015. An updated variant of the GR-1 to improve manufacturability is in-development. Initial plans to
incorporate the GR-22 thruster (22-N class) on the GPIM mission were deferred in mid-2015 in order to allow for more development and testing of the GR-22. As a result, the
GPIM mission only carried five (5) GR-1 units when launched.

[1] https://directory.eoportal.org/web/eoportal/satellite-missions/g/gpim
[2] https://2019.smallsatshow.com/2019/07/09/ball-aerospace-sees-green-in-the-sky-successful-small-sat-on-orbit-testing-of-green-fuel/
[3] NASA 2020 SOA for Small Satellites (POC Gabriel Benavides). https://www.nasa.gov/smallsat-institute/sst-soa-2020/in-space-propulsion N O
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GR-1 (1N), GR-22 (22N) Green Monopropellant (aka MPS-230)
Aerojet Rocketdyne/Ball Aerospace [3 of 3]

Additional comments:
[Reference 1][Aug 2020][GPIM mission on-orbit data]

There is now on-orbit data from the GPIM mission. This was reported at the SmallSat 2020 virtual conference.

GPIM program was awarded in 2012. The GPIM flight system is comprised of the ESPA class BALL BCP-100 spacecraft bus and the Green Propellant Propulsion System
(GPPS), designed and built by Aerojet Rocketdyne which uses green propellant AF-M315E. Flight system was completed in 2015, and put into storage until Spring 2019, due to
Falcon Heavy development schedule.

Mission objectives included qualifying the propulsion system through a system of demonstrations and tests, totally ~11,000 total thruster pulses:

-Characterization of thruster efficiency over the life of the system across a range of tank pressures to understand thruster performance. Do this by determining thruster impulse
bit at the end and beginning of life and after each delta-v campaign. This consisted of 60-s long firings, followed by 30 pulses of 200 ms each, commanded on each of the 4
ACS thrusters, spaced 10 seconds apart. The change in spacecraft attitude determines thruster impulse bit, i.e. performance.

-Perform series of 4 perigee lowering campaigns. Performed 3 burns, each ~6 minutes long. Once thrusters reached steady state operation, excellent pointing performance was
maintained during delta-v maneuvers.

-Demonstrations of thruster-based attitude control modes. Holding attitude on thrusters and managing reaction wheel momentum, then dumping total system momentum via
thruster detumble.

-At end of mission, burn remaining propellant to lower perigee under 180 km altitude, and expect spacecratft to re-enter within 2 weeks.

Progress to date:
As of July, 2020, a total of 7 impulse-bit measurements have been performed on orbit, with 2 more planned. Perigee lowering campaigns have been completed to reach 400
and 300 km altitudes. Final orbit lowering burns will target a perigee of ~180 km, and are projected to occur in mid-August, 2020.

[1] Marotta, V., “On-orbit performance of the BCP-100 green propellant infusion mission (GPIM),” Small Sat Conference 2020, virtual talk. Paper SSC20-11-03.
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GR-1 (1N), GR-22 (22N) Green Monopropellant (aka MPS-230)

Propulsion Technology

Manufacturer/Country

TRL

Size (including PPU)
Design satellite size
Isp (s)

Thrust type/magnitude

Delta-V (m/s)
Propellant

Power consumption (W)

Flight heritage (if any)

Commercially available

Aerojet Rocketdyne/Ball Aerospace [1 of 3]

Green Monopropellant

Aerojet Rocketdyne/Ball Aerospace (USA)
7

0.33kg

1U and larger

235s (1N), 250 (22N)

1N thruster: 0.4 to 1.1 N (continuous), 23,000 N*s (total impulse), 8 mN*s (impulse bit, min)
22N thruster: 8 to 25 N (continuous), 74,000 N*s (total impulse), 116 mN*s (impulse bit, min)

AF-M315E

1N thruster: 12W (valve) + 10W (preheat power)
22N thruster: 28W (valve) + 30W (preheat power)

Flown on GPIM (aka STP-2, ~200 kg, launched June 2019)

YES

Aerojet Green Monopropellant thrusters
Last updated 08/2020

Additional comments:

[References 1-4][Jan 2019][Thruster and missions, general info]

Under development as a self-contained module to allow independent assembly at Aerojet Rocketdyne for subsequent integration into the bus, the GPIM demonstration payload, illustrated in Figure 3 and
shown in schematic in Figure 2, will deliver 50% more impulse than a comparably-packaged hydrazine system. Designed to attach to the Ball Aerospace BCP-100 bus via its standard payload interface
plate (PIP), the GPIM demonstration payload comprises a simple, single-string, blow-down AF-M315E advanced green monopropellant propulsion system employing four 1N attitude-control thrusters and
a single 22N primary divert thruster. The propellant feed manifold’s principal components, consisting of a standard diaphragm propellant tank, latch valve, and service valves, represent all flight-proven
(TRL 9 with hydrazine propellant) designs selected specifically for the long-term compatibility of their materials of construction with AF-M315E.

A major effort of the GPIM program is to mature and qualify all AF-M315E propulsion system components for this mission, and for infusion on future space missions. An extensive materials compatibility
test campaign is currently underway to confirm that all materials in system components that are wetted with the AF-M315E propellant are fully compatible, or material replacement of known incompatibles.
The thruster valve requires the most extensive modifications to ensure it is AF-M315E compatible. All wetted surfaces for the thruster valve, service valve, latch valve and propellant filter will be
manufactured from materials which are fully compatible with this propellant. The service valves being updated requires minor changes to all the sealing subcomponents. The latch valve is being evaluated
to determine if any modifications to its materials is required. The system filter is the only system component that does not require any changes since its propellant wetted surfaces are already compatible.
Through the Green Propellant Infusion Mission (GPIM), NASA is developing a green alternative to conventional chemical propulsion systems for next-generation launch vehicles and spacecraft. Led for
NASA's Space Technology Mission Directorate by Ball Aerospace & Technologies Corp., the project seeks to improve overall propellant efficiency while reducing the handling concerns associated with
the highly toxic fuel hydrazine. The space technology infusion mission also strives to optimize performance in new hardware, system and power solutions while ensuring the best value for investment and
the safest space missions possible. The Green Propellant Infusion Mission is scheduled to launch in 2018.

References:

[1] Masse, R., Spores, R., Allen, M., et al., “Enabling High Performance Green Propulsion for SmallSats,” 29t Small Satellite Conference, SSC15-XI-6.

[2] Spores, R., Masse, R., Kimbrel, S., McLean, C., “GPIM AF-M315E Propulsion System,” 49t AIAA Joint Propulsion Conference, AIAA 2013-3849.

[3] https://www.nasa.gov/mission_pages/tdm/green/index.html N O
[4] https://en.wikipedia.org/wiki/Green_Propellant_Infusion_Mission e °

115 DISTRO A: Approved for public release. OTR-2024-00338

Comm. avail. TRL Aerospace-tested



References:

DISTRO A: Approved for public release. OTR-2024-00338

GR-1 (1IN), GR-22 (22N) Green Monopropellant (aka MPS-230)
Aerojet Rocketdyne/Ball Aerospace [2 of 3]

Additional comments:

[Reference 1][June 2019][GPIM mission]

* May 21, 2019: Ball Aerospace, a partner in the new NASA Green Propellant Infusion Mission (GPIM) announced their Ball Aerospace-built small spacecraft arrived in Florida

today to prepare for a June 2019 launch on board a SpaceX Falcon Heavy rocket. GPIM is NASA's first opportunity to demonstrate a new "green” propellant and propulsion

system in orbit — an alternative to conventional chemical propulsion systems.

- GPIM is a sustainable and efficient approach to spaceflight, and the new propellant will demonstrate the practical capabilities of a Hydroxyl Ammonium Nitrate fuel and oxidizer

blend, called AF-M315E. This innovative, low toxicity, "green” propellant was developed by the Air Force Research Laboratory. GPIM is part of NASA's Technology

Demonstration Missions program within the Space Technology Mission Directorate.

- Dr. Makenzie Lystrup, vice president and general manager, Civil Space, Ball Aerospace stated that GPIM was a truly collaborative effort, working with their partners, NASA,

Aerojet Rocketdyne, Air Force Research Laboratory, U.S. Air Force and SpaceX. They are proud to be part of this historic mission to test a new 'green’ propellant on board

Ball's flight-proven small satellite, helping to provide science at any scale.

- Ball Aerospace is responsible for system engineering; flight thruster performance verification; ground and flight data review; spacecraft bus; assembly, integration and test; and

launch and flight support. The GPIM bus uses the smallest of the Ball Configurable Platform (BCP) satellites, which is about the size of a mini refrigerator, and was built in just

46 days. The BCP provides standard payload interfaces and streamlined procedures, allowing rapid and affordable access to space with flight-proven performance.

* March 31, 2016: GPIM recently took another major step toward demonstrating the capabilities of a new propellant that is safer to handle on the ground and more efficient for

thrusters in space. The GPIM spacecraft has passed a major flight readiness milestone marking the successful completion of functional and environmental testing of its systems

and software, and is on track for launch in early 2017.

* Oct. 5, 2015: The propulsion subsystem for NASA's Green Propellant Infusion Mission has been integrated onto the spacecraft, moving the mission another major step toward

scheduled launch in 2016.

* August 19, 2015: NASA's Green Propellant Infusion Mission to develop a high-performance, low-toxicity fuel and propulsion system for spacecraft has passed a major

milestone. A green propellant propulsion subsystem, built by Aerojet Rocketdyne in Redmond, Washington, has been delivered to the mission's prime contractor, BATC (Ball

Aerospace & Technologies Corp.) in Boulder, Colorado.

- The green propellant propulsion subsystem consists of a propellant tank and five 1 N thrusters that will use the new fuel. Because AF-M315E burns hotter than hydrazine, it
required new metals to withstand the temperatures in the thrusters aboard the propulsion system.

[Reference 2][Aug 2019][GPIM mission status]

Ball Aerospace has officially commissioned NASA's Green Propellant Infusion Mission (GPIM) and begun on-orbit testing of a non-toxic, high-performance propellant. GPIM
launched on June 25, 2019 at 2:30 a.m. EDT on board a SpaceX Falcon Heavy rocket.

Over the next thirteen months, Ball Aerospace and its partners will test the thruster capabilities by verifying the propulsion subsystem, propellant performance, thruster
performance and spacecraft attitude control performance. The primary mission of testing the thrusters and fuel will be complete within three months followed by testing of the
secondary science payloads.

[1] https://directory.eoportal.org/web/eoportal/satellite-missions/g/gpim

[2] https://2019.smallsatshow.com/2019/07/09/ball-aerospace-sees-green-in-the-sky-successful-small-sat-on-orbit-testing-of-green-fuel/ E 7 N O
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GR-1 (1N), GR-22 (22N) Green Monopropellant (aka MPS-230)
Aerojet Rocketdyne/Ball Aerospace [3 of 3]

Additional comments:
[Reference 1][Aug 2020][GPIM mission on-orbit data]

There is now on-orbit data from the GPIM mission. This was reported at the SmallSat 2020 virtual conference.

GPIM program was awarded in 2012. The GPIM flight system is comprised of the ESPA class BALL BCP-100 spacecraft bus and the Green Propellant Propulsion System
(GPPS), designed and built by Aerojet Rocketdyne which uses green propellant AF-M315E. Flight system was completed in 2015, and put into storage until Spring 2019, due to
Falcon Heavy development schedule.

Mission objectives included qualifying the propulsion system through a system of demonstrations and tests, totally ~11,000 total thruster pulses:

-Characterization of thruster efficiency over the life of the system across a range of tank pressures to understand thruster performance. Do this by determining thruster impulse
bit at the end and beginning of life and after each delta-v campaign. This consisted of 60-s long firings, followed by 30 pulses of 200 ms each, commanded on each of the 4
ACS thrusters, spaced 10 seconds apart. The change in spacecraft attitude determines thruster impulse bit, i.e. performance.

-Perform series of 4 perigee lowering campaigns. Performed 3 burns, each ~6 minutes long. Once thrusters reached steady state operation, excellent pointing performance was
maintained during delta-v maneuvers.

-Demonstrations of thruster-based attitude control modes. Holding attitude on thrusters and managing reaction wheel momentum, then dumping total system momentum via
thruster detumble.

-At end of mission, burn remaining propellant to lower perigee under 180 km altitude, and expect spacecratft to re-enter within 2 weeks.

Progress to date:
As of July, 2020, a total of 7 impulse-bit measurements have been performed on orbit, with 2 more planned. Perigee lowering campaigns have been completed to reach 400
and 300 km altitudes. Final orbit lowering burns will target a perigee of ~180 km, and are projected to occur in mid-August, 2020.

[1] Marotta, V., “On-orbit performance of the BCP-100 green propellant infusion mission (GPIM),” Small Sat Conference 2020, virtual talk. Paper SSC20-11-03.
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Propulsion Technology
Manufacturer/Country

TRL
Size (including PPU)

Design satellite size

Isp (s)
Thrust type/magnitude

Delta-V (m/s)
Propellant

Power consumption (W)
Flight heritage (if any)

Commercially available

Last updated

Additional comments:

NanoFEEP (GO-2) [1 of 2]

FEEP
TU Dresden (Germany), now commercialized by Morpheus Space

7* (thruster has not yet launched, though core technology, NanoFEEP, has been
demonstrated)

Dry mass 160g, wet mass 170g, Total system size = 90x25x43 mm. 4 NanoFEEP
systems (8 thrusters in total) can be integrated into 1U [3]

1U or larger
1000 to 6000s [1,2], 3000 to 8500s [3]

4X thrusters, 8 to 22 uN per thruster [2]
Dynamic thrust range 1 to 20 uN, maximum 40 uN, total impulse max 3400 N*s [3]

Gallium metal

700 mW (at 2 uN thrust) per thruster [1], 150 to 500 mW [2]
0.2 to 3W [3]

UWE-4 (launched Dec 2018) demonstrated core technology, however the thruster
package as it is marketed has not yet launched to our knowledge

YES

12/2023

[Reference 1] [Jan 2019][UWE-4 mission and thruster info]
The technical objective of the UWE-4 mission is the in-orbit demonstration and characterization of an electric propulsion system for 1U CubeSats. For this, the project cooperated with TU
Dresden who developed the NanoFEEP propulsion system. The system consists of the thruster heads and two dedicated power processing units. The thrust is generated through
ionization and subsequent acceleration of small amounts of Gallium fuel. The fuel is stored in the thruster heads (0.25 g each) and is heated to a temperature of about 50C at which the
Gallium in liquid and flows due to capillary forces along the porous needle to its tip. An electric voltage of up to 12 kV between the needle and the extractor cathode ejects the ions from
the thruster by electrostatic force. The required voltage is generated from the unregulated battery voltage on one of the two PPUs which can provide up to 250 uA of current. Each PPU
can interface and power two thruster heads and one neutralizer individually. A single thruster can generate continuously a thrust level of up to 8 uN with peaks of 20 uN and requires
approximately 700 mW at 2 uN thrust.

References:

[1] Bangert, P., Kramer, A., Schilling, K., “UWE-4: Integration State of the First Electrically Propelled 1U CubeSat,” SSC17-WK-47.

[2] Bock, D., Tajmar, M., “Highly miniaturized FEEP propulsion system (NanoFEEP) for attitude and orbit control of CubeSats,” Acts Astronautica, Vol 144, 2018.

[3] http:/mmw.morpheus-space.com/documents/M-Space%20Products.pdf
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/\/\/ORPHEUS
SACE HIGHEST EFFICIENCY
1uN-20 N
40uN
3000 to 8500 s
65to13g
up to 3400 Ns
02-3W
160g
Total System Size (LxWxH) 90X 25x43 mm

The NanoFEEP system:

- two thrusters

- one neutralizer

- control electronics board.

4 NanoFEEP systems (8 thrusters in total)
can be integrated in the footprint of a 1U
CubeSat (10 x 10 cm).
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NanoFEEP [2 of 2]

Additional comments:

[Reference 1] [Jan 2019][Thruster characterization]
With the measured mass efficiency, the specific impulse was calculated as a function of thrust. For determining the generated thrust, our analytical thrust model was used which
shows very good agreement with recently performed thrust measurements with the force probe of Kiel University. It was shown that the specific impulse decreases exponential
with higher thrust levels starting approximately at 6000 s, but never drops below 1000 s over the whole thrust range. The total efficiency (considering mass efficiency and beam
divergence) of the NanoFEEP thrusters depends on the emitted current and lies between 40% at higher thrusts (8 uN) and 90% at low thrust (2 pN). The lifetime (calculated by
using results of performed mass efficiency measurements) of one NanoFEEP thruster of around 1800 h for continuous operation at low thrust (1-2 pN) and around 400 h for
higher thrusts (8 puN) is only limited by the reservoir size and consequently by the amount of propellant stored in one thruster. However, the size of the reservoir can be easily
increased to extend the thruster's lifetime. The here presented design of the NanoFEEP thrusters results in a highly miniaturized and compact thruster module which has a
diameter of only 13mm (including housing) and a length of 21 mm. The total weight of one thruster head is less than 6 g.

[Reference 2, 3][March 2019][Morpheus Space]

Morpheus Space is a small company which is a spin-off from TU Dresden. “After 7 years of tireless development at the tu dresden, the spin-off, Morpheus Space has
successfully ignited the world's smallest ion beam thruster on the "UWE-4" nano-satellite. Four of the thumb-sized thrusters are located on UWE-4, the 1 kg nano-satellite of the
University of Wurzburg. This enabled the Germany-based company to operate the first electric thruster in this satellite size in space. The primary objective of the satellite
mission is to test the propulsion system in orbit in order to obtain space qualification, the final and most important milestone.”

“The company team includes Daniel Bock (CEO), Istvan Lérincz (CBO), Christian Schunk (CTO), Christian Boy (Head of Production), Philipp Laufer (Head of R&D) and Prof.
Martin Tajmar (Advisor).”

[Reference 4 and 5][March 2019][Mission status, UWE-4]

“February 27, 2019: After 7 years of tireless development at the TU Dresden, the spin-off, Morpheus Space has successfully ignited the world's smallest ion beam thruster on
the UWE-4 CubeSat mission. Four of the thumb-sized thrusters are located on UWE-4, the 1 kg CubeSat of the University of Wirzburg.”

No on-orbit data is available yet as of March 2019.

[Reference 6][August 2019][Mission status, on-orbit data for UWE-4]
The thruster system was turned on in Feb 2019. Each thruster head contains 0.25 g Gallium as propellant and can create a thrust of up to 20 uN and thus a torque of up to 0.8
MNm. Measured thrust (from the measured rotation rate of the spacecraft) was 6 uN. Theoretical thrust was estimated at ~5 uN.

References:

[1] Bock, D., Tajmar, M., “Highly miniaturized FEEP propulsion system (NanoFEEP) for attitude and orbit control of CubeSats,” Acts Astronautica, Vol 144, 2018.
[2] http:/mww.spacedaily.com/reports/SusMorpheus_Space_qualifies_the_worlds_smallest_satellite_propulsion_system_in_orbit_999.html|

[3] http:/imww.esa.int/Our_Activities/Space_Engineering_Technology/TTP2/MORPHEUS_Cutting-edge_spacecraft_propulsion/(print)

[4] https://directory.eoportal.org/web/eoportal/satellite-missions/u/uwe-4

[5] http://satnews.com/story.php?number=262938185
[6] Kramer, A., Bangert, P., Schilling, K., “Hybrid attitude control on-board UWE-4 using magnetorquers and the electric propulsion system NanoFEEP,” SSC19- *
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Solar Sail (Planetary Society) [1 of 2]

Propulsion Technology Solar Sail - propellantless
Manufacturer/Country Planetary Society (USA)
TRL 7

Size (including PPU) 3U

Design satellite size 3U

Isp (s) N/A

Thrust type/magnitude
Delta-V (m/s)
Propellant None

Power consumption (W)

Flight heritage (if any) Light Sail 1 (2015 launch), Light Sail 2 (June 2019)
Commercially available No
Last updated 08/2020 antSal before deployment) T Planetary Societ

Reference 1 \ ~ - Reference2

Additional comments:

[Reference 1, 3][June 2020][General mission info]

LightSail, developed by The Planetary Society, will demonstrate that sunlight alone can propel a spacecraft in Earth orbit. It is a follow up mission to the failed Cosmos 1 project.

Taking advantage of the technological advances in micro- and nano-spacecraft over the past five years, The Planetary Society will build LightSail based on a 3 Unit Cubesat spacecraft.
One unit will form the central electronics and control module, and two additional units will house the solar sail module. Cameras, additional sensors, and a control system will be added
to the basic Cubesat electronics bus.

LightSail will have four triangular sails, arranged in a diamond shape resembling a giant kite. Constructed of 32 square meters of mylar, LightSail will be placed in an orbit over 800
kilometers above Earth, high enough to escape the drag of Earth’s uppermost atmosphere. At that altitude the spacecraft will be subject only to the force of gravity keeping it in orbit and
the pressure of sunlight on its sails increasing the orbital energy. The mission will give a good, clean trial of sunlight as a means of propulsion.

LightSail 1 was launched in 2015 in a low earth orbit to verify the deployment of the sail, although in this orbit the atmospherical drag prevents solar sailing. LightSail 1 suffered a
software problem after two days, causing the computer to freeze. As it did not respond to reboot commands, it was hoped, that a random radiation induced reboot might solve the
problem. The reboot happened after a few days and communications was re-established. The sail was finally deployed on 7 June 2015. Due to the increased drag, the satellite
reentered the atmosphere on 15 June 2015 after 25 days on orbit.

LightSail 2 was deployed from the Prox 1 microsatellite in a higher orbit to perform its own solar sailing mission. It deployed its sail on 23 July 2019. On 31 August, the Planetary Society
declared the mission a success, as it had raised the apogee of its orbit by nearly two kilometers in four days after deployment, while lowering the apogee.

The Planetary Society announced not to plan a follow-on mission, but to share the technology with others.

References:

[1] https://space.skyrocket.de/doc_sdat/lightsail-1.htm

[2] http:/mww.planetary.org/blogs/jason-davis/lightsail-2-weeks-solar-sailing.html N O 7
[3] Mansell, J., Spencer, D., Plante, B., Fernandez, M., Gillespie, C., Bellardo, J., Diaz, A., Betts, B., Nye, B., “Orbit and attitude performance of the LightSail 2

solar sail spacecraft,” AIAA-2020-2177
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Solar Sail (Planetary Society) [2 of 2]

Additional comments:

[Reference 1][Aug 2020][General mission info]
Lightsail2 has been funded entirely through private donors, with contributions from more than 50,000 people around the world. Primary mission has been concluded and was
successful, and is now in the extended mission phase. It is the first small satellite mission to demonstrate controlled solar sailing, and provides a critical step along the solar

sailing technology roadmap, leading to future science and infrastructure applications. The solar sail has successfully slow the orbit decay from 34 m per day (uncontrolled, with
no solar sail), to 20 m per day. This demonstrates that the solar sail has been successful on orbit. The Aerospace Corporation provided the on-board cameras for this mission.

References:

[1] Spencer, D., Betts, B., Bellardo, J., Plante, B., Diaz, A., Mansell, J., “The LightSail 2 controlled solar sailing demonstration mission,” Small Sat Conference

2020, virtual talk. Paper SSC20-11-01. N O 7 N O
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NanoSail-D (aka NanoSail-D2)

Propulsion Technology Solar Sail (Propellant-less)
Manufacturer/Country NASA (USA)

TRL 7

Size (including PPU) 1-3U

Design satellite size

Isp (S) n/a
Thrust type/magnitude n/a
Delta-V (m/s)

Propellant None

Power consumption (W)

Flight heritage (if any) FASTSAT (2010)
Commercially available NO
Last updated 06/2020 NanoSail-D deployed [1]

Additional comments:

[Reference 1, 2][June 2020][Flight information]

Ouitfitted with six technology and atmospheric experiments, FASTSAT lifted off from Kodiak in late fall 2010. Approximately 20 minutes after launch, FASTSAT separated from the
launch vehicle for orbital insertion. Thirty minutes later, FASTSAT automatically powered up to begin initial checkout operations, and the Marshall Center contacted the spacecraft and
began on-orbit operations. For the first 11 days after launch, the spacecraft and the experiments went through an on-orbit commissioning phase. The next 180 days were focused on
science operations. A checkout and performance analysis of each science instrument was performed. Then, one by one, each experiment was turned on to perform its science
objectives. Upon completion of the science phase, additional characterization of the spacecraft was performed to test additional flight objectives. The experiments were performed in
parallel to test the overall abilities of the spacecraft. This lasted approximately 120 days.

NanoSail-D was jointly designed and built by NASA's Marshall Space Flight Center and NASA's Ames Research Center. ManTech/NeXolve Corporation also provided key sail design
support. The NanoSail-D experiment is managed by Marshall and jointly sponsored by the Army Space and Missile Defense Command, the Von Braun Center for Science and
Innovation and Dynetics Inc. Ground operations support was provided by Santa Clara University, with radio beacon packets received from amateur operators around the world.

References:
[1] https:/iwww.nasa.gov/centers/marshall/pdf/709025main_FASTSAT Facts_11 2012.pdf
[2] Alhorn, D., Casas, J., Agasid, E., Adams, C., Laue, G., Kitts, C., O’Brien, S., “NanoSail-D: The small satellite that could!,” SSC11-VI-1 N O N O
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TEPCE electrodynamic tether

Propulsion Technology Tether (propellant-less)
Manufacturer/Country Naval Research Laboratory (NRL) (USA
TRL 7

Size (including PPU) <1U

Design satellite size TEPCE is 3U

Isp (s)

Thrust type/magnitude
Delta-V (m/s)

Propellant None

Power consumption (W)

Flight heritage (if any) TEPCE, aboard STP-2 (2019)
Commercially available NO | | [1]
Last updated 06/2020

Additional comments:

[Reference 1][June 2020][Flight info]

TEPCE is a tethered spacecraft being built by U.S. NRL (Navel Research Laboratory), Washington D.C. to demonstrate electrodynamic propulsion in space. Electrodynamic propulsion
holds the promise of limitless propulsion for maneuvering of spacecraft without using expendable fuel. The spacecratft, in its orbital configuration, will consist of two CubeSat end
masses attached to the end of 1 km of electrically conducting tether.

Electrodynamic propulsion works on electromagnetic principles similar to an electric motor. The magnetic field in an electric motor attracts an electric current that flows through the
windings of the armature causing the armature to spin. In space, the Earth has a naturally occurring magnetic field and for TEPCE, the tether wire serves the purpose of the armature.
By inducing an electric current to flow along the tether, a mutual attraction between the Earth's magnetic field and the tether will occur. This electromagnetic attraction can propel
TEPCE to higher altitudes or to change the orientation of its orbit. TEPCE is a 3U CubeSat demonstration of emission, collection, and electrodynamic propulsion. Two nearly identical
endmasses with a stacer spring between them are used in TEPCE, which separate the endmass and start deployment of a 1 km long braided-tape conducting tether. TEPCE will use a
passive braking to reduce speed and hence recolil at the end of electrodynamic current in either direction. The main purpose of this mission is to raise or lower the orbit by several
kilometers per day, to change libration state, to change orbit plane, and to actively maneuver.

April 7, 2020: According to information of Jerome Pearson, President of Star Technology and Research, Inc. (Mount Pleasant, SC), TEPCE deployed on 17 November 2019 and re-
entered on 1 February 2020. TEPCE actually did change its orbit slightly, but was limited by the power available (around 50 watts from solar cells on the body of the 3U CubeSat).

References:
[1] https://eoportal.org/web/eoportal/satellite-missions/content/-/article/tepce N O 7 N O
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12T5 lodine cold gas thruster [1 of 2]

Propulsion Technology Cold gas 12T5 e
THRUSTME COLD IODINE THRUSTER
Manufacturer/Country ThrustME (France) -
i non-pressurized cold gas propulsion system ope pellant. It is a
stand-alone and fully integrated system that inclu storage, flow control,
R power processing unit (PPU), thermal managem intelligent operation, all
T R L 7 ‘ > embedded into a 0.5U form factor. Its standardized architecture allows for short lead times
and batch production to better serve constellation needs,
PRODUCT INFORMATION
SI e (I nc I u d In g P P U) O 5U’ 09 kg (WEt) ne —pi FITTED FOR THE NEEDS OF ANY NANO-SATELLITE
3 I2Ts + Longer lifetime
+ Orbit adjustments
g g 5 - « End-of-life disposal
Coll L
Design satellite size 3U and larger (Robusta is 3U) o < Colldonavidancs
v AOCS
I S p (S) 1 o THELSIHE ® .THRUSTMT INTELLIGENT AND USER-FRIENDLY
+ Platform agnostic
+ System shipped pre-filled
. o . + Off-the-shelf soléuon wn}‘w rbe‘duced lead times
E I o d
Thrust type/magnitude 0.15to0 0.4 mN [1], 40-75 N*s total impulse [2] PERFORMANCE A SPECRCATIONS e el e o deman
Total impulse upto 75 Ns + Batch production
Form factor 5U
Total wet mass 0.9kg
Del ta-v (m /S) Power consumption <1 W standby ADVANCED SAFETY FEATURES
5 W in steady state firing ¥ lodine storage in microgravity
Start-up time 10 min v Storage tank with iodine resistant coatings
+ Patented pipeless design
H Saf ling f d
Propellant lodine it e
INTERFACE + Passive during launch and in stand-by mode
Input Voltage 12-28V v Embedded fail-safe modes

Power Consu m ption (W) 12W Warm-up’ 6W Operating’ 1W Standby [7] Bus interface 12C, CAN + Rad-hardened main controller

The 12T5 allows for up to 46% cost savings and 38% lifetime extension for 3U cubesat

Flight heritage (If any) X|a0x|an1-08 (Ch|nese 6U CubeSat) (launched NOV 2019) [2] constellations through much faster phasing while also providing collision avoidance capabilities.
Slated for ROBUSTA-3A (2021) [1]
Slated for LEMUR 3U (Spire Global) Q4 2022 [6]

[1]

Commercially available YES

Flight unit on Xiaoxiang1-08 [2]

Last updated 12/2023

Additional comments:

[Reference 1-2][Aug 2020][Mission info and thruster testing]

The ROBUSTA-3A developed by the CSUM Spatial Centre with funding from the Van Alen Foundation (FVA), the French Aerospace Center (CNES) and Interreg Sudoe Program
through the European Regional Development Fund (ERDF) will demonstrate a 3-axis stabilized platform of the CSUM and support the GEMMOC project by gathering water content
data for improved weather pre-vision in south France. The mission analysis has shown that the mission is feasible under the given circumstances and that one of the drivers is the
optimization of the satellite attitude with respect to the Sun during the thrust phase.

The 12T5 is a 0.5U cold gas thruster which operates with iodine as propellant. The core element of the system is the iodine reservoir, which contains iodine in solid state. It is self-
pressurized, and the pressure of the system can be precisely controlled by regulating the vapor pressure of the gas in the reservoir. This is done through the thermal management
system, which also maintains the necessary temperatures along the path of the gas to prevent deposition on any component, in order to prevent blockages or clogging. The gas is
throttled and accelerated through the nozzle, which then discharges to vacuum, generating the thrust.

The first 12T5 prototype was launched on board the Xiaoxiang1-08, a 6U CubeSat satellite developed by Spacety Aerospace Co., in 2019, following an SSO, 500 km sun-synchronous
orbit. On November 16, the sealing system was successfully sublimated on the thruster, performance the first series of short firings with a total power-on time of more than 4 hrs from
Nov 16 to 19. The firing, slightly longer than 1 hr, was performed after successfully passing all service and check procedures. The firing duration is insufficient to measure yet the orbital
change with only the TLEs of the satellite, and precise GPS tracking will be used for the following firings of the system (to be performed in the first quarter of 2020).

References:

[1] Martinez-Martinez, J., Raanfalskyi, D., Aanesland, A., Laurand, X., Martinez, S., Quinsac, G., “An off-axis iodine propulsion systems for the Robusta-3A mission,” Small Sat Conference 2020, virtual

talk. Paper SSC20-1X-03.
[2] Martinez Martinez, J., Ragalskyi, D., Zorzoli E., Aanesland, A., “Development, qualification, and first flight data of the iodine based cold gas thruster for CubeSats,” IAA-AAS, Roma, 2020. 1

[3] http://thrustme.fr/
[4] Performance spec sheet: https://www.thrustme.fr/base/stock/ProductBannerFiles/1_20191014-thrustme-i2t5.pdf
[5] Pereira, R. M. “The 12T5: Enhancement of the Thermal Design of an lodine Cold Gas Thruster” Thesis link
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[6] https://smallsatnews.com/2022/09/02/seven-propulsion-systems-from-thrustme-delivered-to-spire-global-for-their-lemur-satellites/ * @2
7] https://www.thrustme.fr/base/stock/ProductBannerFiles/1_thrustme-i2t5.pdf . :
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Additional comments:

[Reference 1][October 2020][Flight Qual Campaign]
The propellant tank is made of an aluminum alloy coated with a protective layer to prevent the corrosion due to iodine, and have inserts binding the propellant to avoid fracturing
during operation (this is also detailed later). The tank is filled inside an inert atmosphere once before flight and delivered to the qualification facilities and later to the integrator
without further manipulations of the propellant. The flow control subsystem is formed by the following elements: the static ON/OFF valve (optional), the thermally controlled
nozzle, which provides the acceleration of the sublimated propellant, and a storage sealing system with a double barrier which prevents iodine vapor leaks through the exhaust
during the ground manipulations, and therefore minimizing the risks of contamination of other equipment during the long time storage in harsh environments.

The qualification campaign of the 12T5 thruster has been performed during the summer of 2019 and included the following tests: random and sine vibration, shock, ambient
thermal cycling and thermal vacuum cycling. Before the testing, an extensive modelling has been performed in order to identify highest risk points and develop a mitigation plan.
The main levels of the qualifications were following: 2g at 5 Hz on Y and Z, 10g at 11.18 Hz on X (single frequency), 5to 8 Hzat4 mmon Y and Z, 8 to 100 Hz at 1g on Y and
Z,51t0 8 Hz at 4.5 mm on X (sweep), 5.9 G rms during 1min 30s 20 to 2000 Hz (random), 50 to 800 Hz: 30 to 1500 g and 800 to 5000 Hz: 1500 g, 3 impacts per direction and 3
oct/min (shock). The campaign has been passed successfully, which resulted in the assembly and integration of the flight model 4 into the 6U satellite Xiaoxiang1-08 at Spacety
Aerospace Co. (China) facilities during September-October 2019.

[Reference 1][October 2020][In-Flight Operations]

The first 12T5 prototype was launched on board of the Xiaoxiang1-08, a 6U CubeSat satellite developed by Spacety Aerospace Co., on the 3rd of November 2019, following an
SSO, 500 km sun-synchronous orbit. The purpose of the mission includes the demonstration of the laser communications technology payloads on board, as well as the first
firing tests of an iodine thruster in space. The electronics were first tested on the 7th with successful connection and reading of the temperatures of the system. On the 16th of
November, the sealing system was successfully sublimated on the thruster, performing the first series of short firings with a total power-on time of more than 4 hrs from the 16
to the 19th of November. The firing, slightly longer than 1 hr was performed after successfully passing all service and check procedures. The firing duration is insufficient to
measure yet the orbital change with only the TLEs of the satellite, and precise GPS tracking will be used for the following firings of the system. These firings will be performed
during the first quarter of 2020, after the rest of the payloads have conducted their experiments. The only inconvenience encountered up to now is a reduction of 6.5 degrees in
the temperature of the thermal management system of the unit with respect to the desired value, which may reduce up to a 25% of the desired thrust.

[Reference 2, 3][Jan 2021][Thruster Overview]

ThrustMe is the first company to develop an iodine-based propulsion system for SmallSat applications. ThrustMe (which was part of the Laboratory of Plasma Physics at
CNRS-Ecole Polytechnique at that time) decided to develop a propulsion system based on the RF gridded ion thruster operating on iodine technology. As a spin-off of this
activity, another low-end propulsion system has been developed which is a cold gas thruster operating with solid iodine (I12T5). The original purpose was based on both the
intention of providing a demonstration platform for an iodine propellant subsystem, and on the fact that there is a definite lack of non-pressurized low energy and low power
propulsion systems for small CubeSats (such as 3U platforms) on the market. It should be mentioned that both the cold gas and the gridded ion propulsion systems developed
at ThrustMe shared some parts of the development in common, ramping up the development process for both of them. They have developed a cold gas thruster (1I2T5) and an
RF ion thruster (NPT30-12). The I2T5 is a self-pressurized, iodine-propelled cold gas thruster. Essentially, iodine propellant in a solid state residing inside the reservoir is
sublimated using resistive heating. The iodine gas then pressurizes the reservoir and accelerates through the nozzle. On November 3, 2019, the I2T5 became the first ever
iodine-based propulsion system to successfully reach space.

[Reference 5][Oct 2022][Mission information]

ThrustMe has delivered seven propulsion systems to Spire Global, Inc. for that company’s LEMUR 3U satellites as it continues to build upon its fully deployed constellation of
more than 100 satellites. Spire’s LEMUR satellites will carry ThrustMe’s 12T5 iodine cold gas system on the next launch that is scheduled for Q4 2022 onboard a SpaceX Falcon
9 rideshare mission. These propulsion systems will enable Spire to optimize its constellation performance and prepare for upcoming deorbiting regulations. For the first time,
Spire will integrate and use propulsion on its LEMUR satellites.

References:
[1] Information from panel talk at SmallSat Symposium 2019 (open discussion)

[2] Martinez Martinez, J., Ragalskyi, D., Zorzoli E., Aanesland, A., “Development, qualification, and first flight data of the iodine based cold gas thruster for CubeSats,” IAA-AAS, Roma, 2020.
[3] http://thrustme.fr/ E 7

[4] https://spacenews.com/electric-propulsion-startup-thrustme-gets-2-8-million-from-european-commission/
[5] https://smallsatnews.com/2022/09/02/seven-propulsion-systems-from-thrustme-delivered-to-spire-global-for-their-lemur-satellites/
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Neptune (lodine ion thruster)/NPT-30-12 (aka NPT30)

Propulsion Technology

Manufacturer/Country

TRL
Size (including PPU)

Design satellite size

Isp (s)

Thrust type/magnitude

Delta-V (m/s)
Propellant
Power consumption (W)

Flight heritage (if any)

Commercially available

Last updated

Additional comments:

ThrustMe [1 of 5]

RF lon thruster
ThrustMe (FRANCE)
7 (Xenon version TRL7, lodine version TRL7)

Two different unit are available: 1U (9.6 x 9.6 x 11.3
cm), 1.2 kg [6], 1.5U (9.3 x 9.3 x 15.5 cm), 1.5 kg
[6]

3U and larger

>1000 at max power [1-4], 700 to 1000s [5]
1U: up to 2400s (total impulse up to 5500 N-s),
1.5U: up to 2400s (total impulse up to 9500 N-s) [6]

0.2—0.7 mN [1-4], 0.6 to 1 mN [5], 1U: 0.3 to 1.1
mN [6], 1.5U: 0.3 — 1.1 mN [6]

Xenon or lodine (with focus on iodine [5, 9])
35 to 65W (both 1U and 1.5U units)

Hisea-1 (launched Dec 2020) [10]
BEIHANGKONGSHI-1 satellite (launched Nov
2020) [11]

Projected launch 2019 (customer unknown) [3,4]
Slated for GOMX-5 (2021) [6, 13]

Xenon version slated for INSPIRESAT-4/ARCADE
(2020) [8]

lodine version slated for NorSat-TD (to be launched
early 2022) [12, 15]

YES

12/2023

Notes and references on next chart...
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EMBEDDED INTELLIGENCE

¥ Builtin-seff-tuning algorithms

¥ Integrated thrust computer

¥ Thrust can be continuously throttled

¥ Supports multiple customizable operating modes

v Possible operation with thrust or power lock

+ Over 50 internal parameters are continuously
monitored and used for algorithm adjustments

PERFORMANCE MAP

> "'l’.\“ \ \_,:}éw

rrrrrrrrr 22001 Theustie - NPT302.1.50

NPT30-I2 1U firing using xenon

ADVANCED SAFETY FEATURES
¥ Embedded fail-safe modes

¥ Redundancy includes cathodes and ignition systems

v Rad-hardened main controller option
v Patented pipeless design
¥ Non-pressurized solid pre lant
¥ Continuous neutralization monitoring

¥ lodine-compatible sealing for safe storage

EASY TO OPERATE AND INTEGRATE

v Platform agnostic

¥ Full AIT support

¥ System shipped pre-filled

¥ Reduced lead times

“ Engineering models available on demand

¥ Clusterization possible for higher thrust & total

impulse

PERFORMANCE & SPECIFICATIONS

Thrust 03-1.1mN
Total impulse up to 9500 Ns
Specific impulse Up 102400’
Format factor 150
Dimensions 93x93x155 mm
Total wet mass 1.7kg

Total power 35-65W

Thrust vector accuracy <1

INTERFACE
Input Voltage 12-28V
Bus interface IC, CAN
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THRUSTME

NPT30-12-1U @

SMART IODINE ELECTRIC PROPULSION SYSTEM

EMBEDDED INTELLIGENCE
¥ Built-in-self-tuning algorithms
¥ Integrated thrust computer

¥ Thrust can be continuously throttled

¥ Supports multiple customizable operating modes

¥ Possible operation with thrust or power lock

¥ Over 50 internal parameters are continuously
monitored and used for algorithm adjustments

PERFORMANCE MAP

electric
12 is a fully integrated propulsion system based on the gridded ion thruster technology. It comes in
1U and 1.5U sizes. It has a modular design, and includes the ion thruster, the PPU, the propellant
storage, feed system as well as passive thermal management and intelligent operation control.
The 12 version uses solid iodine propellant, is delivered pre-filled and remains non-pressurized
% during launch, Use of iodine also avoids sloshing and provides extreme geometrical design

flexibility to accommodate platform requirements.
PRODUCT INFORMATION
-

g &

N
-
e
¢

performance for smallsats. ThrustMe’s NPT30-

ADVANCED SAFETY FEATURES

¥ Embedded fail-safe modes

¥ Redundancy includes cathodes and ignition systems
¥ Rad-hardened main controller option

v Patented pipeless design to avoid clogging

¥ Non-pressurized solid propellant

¥ Continuous neutralization monitoring

¥ lodine-compatible sealing for safe storage

EASY TO OPERATE AND INTEGRATE

v Platform agnostic

v Full AIT support

¥ System shipped pre-filled

¥ Reduced lead times

¥ Engineering models available on demand

¥ Clusterization possible for higher thrust & total
impulse

PERFORMANCE & SPECIFICATIONS

Thrust 03-11mN
Total impulse up to 5500 Ns
Specific impulse up to 2400 s
Format factor U

Dimensions 96x96x113 mm
Total wet mass 12kg

Total power 35-65W

Thrust vector accuracy <3

INTERFACE
Input Voltage 12-28V
Bus interface 13C, CAN

Copyright € 2021 ThrustMe NPT30-12:1Uis a ¢

NPT30-12 1U firing using iodine [5]

NPT30-12 1U flight unit [9]
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ThrustMe [2 of 5]

Additional comments:

[References 1, 2][Jan 2019][General info]

ThrustMe, in partnership with the Laboratory of Plasma Physics and SATT Paris-Saclay is developing a complete propulsion system based on a patented ion thruster
technology, called “Neptune”. A miniaturized version with the thruster, power processing unit and solid propellant is fully imbedded into a one-unit Cubesat module (a 10 cm
cube of 1 kg). The thruster has strong technology heritage from classical ion thrusters, but with significant innovation in the acceleration mechanisms using RF voltages applied
to a set of grids, instead of the conventional DC voltage. This RF acceleration leads to a continuous ion beam neutralized by electrons exiting the thruster in short instants

during the RF cycle. In this way, there is no need for an additional electron neutralizer, and thus the system is ideal for miniaturization as well as cost effective mass production.
Solid iodine is integrated into the thruster body to simplify the propellant storage and flow control. The PPU based solely on radio-frequency modules operating in the MHz
frequency range is also developed and can operate with powers from 20 to 60 W. This RF power is used for plasma generation, ion acceleration, neutralization and iodine flow
control allowing the power system to be fully integrated into the 1U Cubesat module. The complete system is tested in various vacuum facilities where time-averaged and time-
resolved electrostatic measurements of beam currents/fluxes and ion energies are compared with direct thrust measurements.In 2017, ThrustMe raised $1.9M from Kima
Ventures and a collection of US and Europeans angle investors to begin developing their ion thruster. Two versions of the module are under development using Xe and 12, and
the latter will have an internal propellant tank for simplified fluidics system. The Xe version of the propulsion module has been tested in a medium vacuum chamber available at
LPP and also in a large chamber at ONERA (2017). The test campaign is not yet finished, however the preliminary results agrees well with the theoretical predictions.

References:

[1] Rafalskyi, D., Aanesland, A., “A Neutralizer-Free Gridded lon Thruster Embedded into a 1U CubeSat Module,” IEPC-2017-94

[2] http://thrustme.fr/

[3] Information from panel talk at SmallSat Symposium 2019 (open discussion)

[4] https://spacenews.com/electric-propulsion-startup-thrustme-gets-2-8-million-from-european-commission/

[5] Martinez, J., Rafalskyi, D., Aanesland, A., “Development and testing of the NPT30-12 lodine ion thruster,” IEPC-2019-811.

[6] https://gomspace.com/news/payload-collaboration-initiated-for-the-gomx-.aspx

[7] https://spacenews.com/french-startup-thrustme-found-fast-route-to-orbit-through-chinas-spacety/

[8] Srivastava, S., Kandala, A., Gacal, G., “INSPIRESAT-4/ARCADE: A VLEO mission for atmospheric temperature measurements and
ionospheric plasma characterization,” SSC19-VIII-05.

[9] Performance spec sheet: https://www.thrustme.fr/base/stock/ProductBannerFiles/2_npt30-i2-1u-1-5u-datasheet.pdf

[10] https://smallsatnews.com/2021/01/03/iodine-electric-propulsion-to-become-a-critical-subsystem-for-sar-constellations/

[11] https://smallsatnews.com/2020/11/06/thrustmes-iodine-propulsion-system-launched-aboard-spacetys-smallsat/

[12] https://smallsatnews.com/2021/04/28/trial-integration-completed-by-norwegian-space-agency-of-thrustmes-propulsion-system-for-
norsat-td/

[13] https://smallsatnews.com/2022/06/15/thrustme-wins-an-esa-gstp-contract-to-develop-qualify-an-electric-propulsion-system/

[14] Flyer from SmallSat Symposium, Feb 2023

[15] https://smallsatnews.com/2023/04/18/the-thrustme-npt30-i2-iodine-electric-propulsion-system-launched-on-board-the-norsat-td-
satellite/

127 DISTRO A: Approved for public release. OTR-2024-00338

=

/|| no

Comm. avail.

TRL Aerospace-tested



DISTRO A: Approved for public release. OTR-2024-00338

Neptune (lodine ion thruster)/NPT-30-12
ThrustMe [3 of 5]

Additional comments:

[Reference 1][Jan 2019][Company news]
In Aug 2018, ThrustMe received 2.4 million euros ($2.8 million) from the European Commission to commercialize an electric propulsion system for small satellites. ThrustMe received its
European Commission funding Aug. 1 following a May selection through the EC’s Horizon 2020 research and innovation investment program, ThrustMe founder and chief executive Ane
Aanesland told SpaceNews. ThrustMe is commercializing technology from France’s Ecole Polytechnique plasma physics laboratory and CNRS, the French National Center for Scientific
Research. The 18-month-old company has raised 4.6 million euros to date, and in April moved into a newly built 300-square-meter headquarters in Paris. The company has 15 people on its
payroll, according to Aanesland. Aanesland said ThrustMe anticipates shipping five thrusters for two customers next year, and scaling up by 2020 to be able to ship 50 to 70 thrusters a year.

[Reference 2][March 2019][Thruster development]

Ane Aanesland was present at the SmallSat Symposium and discussed her thruster. Some concerns with the iodine thruster include deposition/contamination on cold optics and corrosion on
cold metals. For example, iodine will corrode copper. Deposition of iodine on cold surfaces can be expected for temperatures below -55C, so spacecraft components may require heating to
prevent deposition. Also, working with iodine in the lab requires some special handling and pumping accommodations as it is slightly toxic, will coat laboratory surfaces, and can be corrosive
towards some laboratory materials (mainly metals, as previously mentioned). However, one important advantage is that ThrustMe’s thruster does not require a neutralizer, and iodine eliminates
propellant sloshing concerns. In addition, iodine does not need to be pressurized, and so it requires a fraction of xenon’s storage volume. ThrustMe is delivering their first unit in Spring 2019,
and within a year, on-orbit data should be available.

[Reference 3][Oct 2019][Thruster development]

The development has been focused on various aspects such as iodine propellant storage and reliable flow control, corrosion risk mitigation, hardware optimization for achieving stable ignition
and operation of a plasma discharge and acceleration stages. lodine corrosion has been studied to be able to predict and estimate the degradation rates of the materials present on the thruster
and potentially in a spacecraft, and all key materials have been identified. Flow control was achieved using the orifice-based configuration with a thermally managed propellant tank, where the
system design was based on the analytical model presented here. Experimental verification of the flow control system demonstrated generation of the stable iodine flows well corelated with the
temperature settings. The plasma ignition and beam acceleration tests have shown successful control of these processes; standard algorithms used for the NPT30 Xenon version required only
slight adaptation to be fully compatible with the iodine propellant. Beam measurements in the high thrust / low Isp configuration have confirmed predicted performances of 0.6 — 1 mN thrust and
700 — 1000 s Isp. Future experiments will be focused on studies of a high specific impulse configuration with the Isp values above 1500 s, as well as preparations for the pre-flight endurance
testing.

[Reference 4][Oct 2020][Company news]

ThrustMe has been contracted by ESA to demonstrate the world’s first iodine electric propulsion in space. After significant support from the French state and the European Commission,
ThrustMe announces their first contract with the European Space Agency (ESA) ARTES C&G program in support of the development of a breakthrough technology to solve emerging
challenges in space associated with the rise of satellite constellations. ThrustMe has demonstrated groundbreaking achievements in developing electric propulsion systems with unmatched
performance for the new space paradigm. “We have leveraged the technology of our existing cold gas system, the I2T5, which was launched last year, and which was the first ever iodine
propulsion system tested in space. Our new iodine electric propulsion system, the NPT30, uses plasma generation and beam neutralization technologies that have been under development at
ThrustMe since 2017, and have already reached a high-level of maturity through extensive testing and qualification campaigns” says Dmytro Rafalskyi, CTO of ThrustMe.

[Reference 5][Dec 2020][Flight information]

ThrustMe and Spacety have announce that the BEIHANGKONGSHI-1 satellite, carrying the world’s first iodine electric propulsion system, was successfully launched into space on a CZ-6
Long March 6 rocket from Taiyuan in China on the November 6 at 04:20 a.m. (Paris time). The BEIHANGKONGSHI-1 satellite includes a ThrustMe NPT30-12 electric propulsion system which
uses iodine propellant. The demonstration of ThrustMe’s NPT30-12 on Spacety’s BEIHANGKONGSHI-1 satellite will lead to a significant commercial collaboration between the two companies.
The development of the NPT30-12 flight model used on this demonstration mission was funded via the European Space Agency (ESA) ARTES C&G program. ThrustMe’s prior research and
development of iodine technology has been supported by the French state via SATT Paris-Saclay, BPIFrance I-LAB and the Centre National d’Etudes Spatiales (CNES) R&T program.
BEIHANGKPNGSHI-1 is the first 12U satellite developed and launched by Spacety and is also the first space mission of the new Spacety satellite platform with advanced modules improved on
designs with rich space heritage. The satellite platform is equipped with batteries of 400 Wh and a solar panel of nearly 100 W to support payloads with high power consumption and duty cycle.

References:

[1] https://spacenews.com/electric-propulsion-startup-thrustme-gets-2-8-million-from-european-commission/
[2] Information from panel talk at SmallSat Symposium 2019 (open discussion)

[3] Martinez, J., Rafalskyi, D., Aanesland, A., “Development and testing of the NPT30-12 lodine ion thruster,” IEPC-2019-811. E

[4] https://mww.satellite-evolution.com/post/thrustme-contracted-by-esa-to-demonstrate-the-world-s-first-iodine-electric-propulsion-in-space
[5] https://smallsatnews.com/2020/11/06/thrustmes-iodine-propulsion-system-launched-aboard-spacetys-smallsat/
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Additional comments:

[Reference 1][Jan 2021][Flight information]

ThrustMe and Spacety have announced a new space launch, the 3rd in an ongoing series — this time, Spacety launched their Synthetic Aperture Radar (SAR) satellite, Hisea-1, which is the
world’s first, commercial, C-band, smallsat SAR with a phased array antenna. On board is ThrustMe’s lodine Electric Propulsion system to provide the satellite with crucial orbit maintenance,
collision avoidance and de-orbiting at the end of its three years expected lifetime. The satellite was successfully launched into space on the inaugural flight of the Chinese medium-lift Long
March 8 rocket, from Wenchang, China. Hisea-1 has a mass of 180 kg, and uses a phased-array antenna. It has three imaging modes with its finest resolution at 1m x 1m.

[Reference 2][Feb 2021][On-orbit data]

ThrustMe [4 of 5]
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ThrustMe has announced that they have successfully tested the first iodine-fueled electric propulsion system in space aboard the Spacety Beihangkongshi-1 satellite. This world first, on-orbit
demo has the potential to transform the space industry. On December 28, 2020, the first iodine electric propulsion system to be launched into space was successfully fired, with a second
successful test on January 2, 2021. Both test burns were performed by ThrustMe’s NPT30-12-1U propulsion system onboard the Beihangkongshi -1 satellite from Spacety. The satellite was
launched on November 6, 2020, and after several weeks of satellite commissioning, the propulsion system was operated during two, 90-minute burns that resulted in a total altitude change of
700 m. These tests represent the first in-space operation of the NPT30-12-1U and the first demonstration of iodine as a viable propellant for electric propulsion systems: an important step in

accelerating its commercial adoption.

[Reference 3, 4, 5][May 2021][Company news]

On December 28, 2020 ThrustMe performed the first on-orbit tests of an innovative iodine-fueled electric propulsion system, proving its ability to change a CubeSat’s orbit. ThrustMe’s NPT30-12-
1U, the first iodine electric propulsion system sent into space, is aboard the Beihangkongshi-1, a 12U CubeSat developed by Chinese commercial satellite maker Spacety. A Long March 6
rocket sent the satellite into orbit in November 6, 2020, tagging along with a batch of satellites for Argentina-based remote sensing firm Satellogic. The NPT30-12 performed two 90-min burns in
late December 2020 and early January 2021 resulting in a total orbit altitude change of 700 m.

ThrustMe is preparing to demo the NPT30-12 in two upcoming missions: 1) a national space agency mission and 2) GOMspace GOMx-5 mission planned for Q2 2022.

From LinkedIn post, the in-flight telemetry is given below. NPT30-12 seems to generate about 0.8 mN of thrust @ 50 W of input power for 70 mins.

09+

NPT30-12-1U system telemetry
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References:

Time, min

[1] https://smallsatnews.com/2021/01/03/iodine-electric-propulsion-to-become-a-critical-subsystem-for-sar-constellations/
[2] https://smallsatnews.com/2021/01/18/iodine-propulsion-proven-viable-for-smallsats-in-space-by-thrustme-spacety/
[3] https://spacenews.com/french-startup-demonstrates-iodine-propulsion-in-potential-boost-for-space-debris-mitigation-efforts/

[4] https://www.thrustme.fr/our-missions

[5] https://www.linkedin.com/posts/elena-zorzoli-rossi_thruster-propulsion-iodine-activity-6758292292009783297-SAvm
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Neptune (lodine ion thruster)/NPT-30-12
ThrustMe [5 of 5]

Additional comments:

[Reference 1][May 2021][Upcoming flight]
The Norwegian Space Agency and ThrustMe have announced they have completed trial integration of ThrustMe’s NPT30-12 propulsion system into the NorSat- TD satellite.
During the mission, which is on schedule for launch in early 2022, both parties will demonstrate, amongst other things, just-in-time, low-thrust satellite collision avoidance
maneuvers—a critical capability for acting on space situational awareness data and ensuring a sustainable space environment.

The NorSat-TD is the Norwegian Space Agency’s technology demonstrator mission that will lead the way to Norway’s maritime surveillance constellation. Onboard are six
essential payloads and innovative technologies to be tested during the mission. One critical goal for the NorSat-TD project is to build up experience in Norway for propulsive
satellite operations and ensure space safety by supporting the development of space situational awareness and traffic management systems for Norway’s upcoming future
missions.

[Reference 2, 3][October 2021][On-orbit performance]

The propulsion system has been launched on the 6th of November 2020 onboard of a 12U platform with possibility to perform relatively long firings (up to 90 minutes) at high
power for this class of platforms (50-60 W). After successful satellite commissioning, the first firing operations have been performed starting from December 2020. Multiple firings
of 90 minutes each have been performed in different operational modes, having a thrust rage from 0.5 to 0.8 mN and steady power up to 55 W. The propulsion system telemetry
downloaded after the firings showed correct

system operation with all major parameters staying within the specified margins.

[Reference 4][June 2023][Company hews]

ThrustMe and Turion Space have announced the selection of the ThrustMe’s iodine electric propulsion system for the DROID.002 spacecraft. Turion Space will integrate several
ThrustMe NPT30-12-1.5U thrusters to enable the maneuverability for orbit raising and end-of-life disposal to its space-debris observation and characterization mission. The
DROID.002 mission serves as the initial asset of a small constellation designed to provide continuous debris monitoring and alert services, known as “resiliency” services. The
mission also aims to generate a deeper understanding of space debris, assisting LEO operators and other debris mitigation companies. To ensure the success of the mission, it
will rely on ThrustMe’s NPT30-12-1.5U thrusters as a key component. This contract confirms ThrustMe’s electric propulsion systems market fit in a worldwide competitive
environment and extend the company footprint in the U.S. and adds up to the undisclosed international and U.S. contracts won by ThrustMe. With seven systems already in
space. and more than 80 orders, the ThrustMe production line is up with a capacity of 365 propulsion systems per year to be reached by Q1 2024.

[Reference 5][Dec 2023][Company news]
ThrustMe is scaling up production, aiming for one unit per day before the end of 2024.

References:

[1] https://smallsatnews.com/2021/04/28/trial-integration-completed-by-norwegian-space-agency-of-thrustmes-propulsion-system-for-
norsat-td/

[2] Rafalskyi, D., Martinez, J., Habl, L., Aanesland, A., “Development and in-flight testing of an iodine ion thruster,” Small Satellite
Conference 2021, SSC21-XI-04.

[3] Rafalskyl, D., Martinez, J., Habl, L., Rossl, E., Proynov, P., Bore, A., Baret, T., Poyet, A., Lafleur, T., Dudin, S., Aanesland, A.,”
Nature, Bol 500, November 2021.

[4] https://smallsatnews.com/2023/05/08/thrustme-selected-to-provide-turion-space-with-vital-propulsion-capacities/ E 7

[5] https://smallsatnews.com/2023/10/27/thrustme-surpasses-200-orders-doubles-propulsion-system-orders-in-four-months/
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Enabling Propulsion System “EPSS” [1 of 2]
JSC NanoAvionika

Propulsion Technology Green Monopropellant

Manufacturer/Country NanoAvionics (LITHUANIA), also called “JSC NanoAvionika”
Has US-based location as of 2021.

TRL 7

Size (including PPU) 1U

Design satellite size 3U and larger

Isp (s) 225s

Thrust type/magnitude 100 mN (nominal, continuous), 300 mN (peak, continuous)

0.002 N*s (impulse, minimum)

Delta-V (m/s) 10 cm/s for a 3U CubeSat (flight data), 200 m/s for a 3U CubeSat (design) ;rgsésrodpgﬁggt?;tgzter

Propellant ADN-based green propellant

Power consumption (W) 0.05W (idle), 5-7.5W (peak), 4.5W (operational)

Flight heritage (if any) LituanicaSat-2/QB50 (2017)
M6P (2019) [4]

Commercially available Yes

Last updated 01/2022

Additional comments:

[References 1-3][Jan 2019][General info]

On July 5, 2017, a successful in-orbit test of the first ever chemical propulsion system running on-board a CubeSat was performed. The Enabling Propulsion for Small Satellites (EPSS) system, designed
and developed by NanoAvionics, provided the 3U CubeSat LituanicaSAT-2 with 10 cm/s of delta-v, making an evident change on its orbit parameters. The CubeSat was launched into polar sun-
synchronous orbit on June 23, 2017. To test the EPSS, NanoAvionics ran a cold-start program, which is the most complicated in terms of the complexity of the satellite systems involved, followed by a
train of pulses with a total duration of 2 seconds, reaching 0.3 g mass of the monopropellant to be used. The average thrust reached was 127 mN, followed by steady peaks of 300mN, demonstrating that
the system works nominally as planned. Orbital change of approximately 200 meters has been observed, analyzing TLEs of the particular epoch when the experiments were performed.

LituanicaSAT-2 consists of three main modules: a science unit with the FIPEX (Flux-®-Probe Experiment) sensor for QB50, a functional unit with NanoAvionics Command and Service module plus power
unit and an experimental unit with the “green” propulsion system. JSC NanoAvionika has been contracted by Vilnius University to build a satellite platform and a propulsion system for LituanicaSAT-2. The
propulsion system is a state of art green monopropellant micro-thruster able to perform high impulse orbital maneuvering and drag compensation capabilities for a small scale satellite. The system is
designed to provide 0.3 N maximum thrust and about 200 m/s of AV. It is powerful enough to perform impulsive Hohman orbital transfer, orbit shape corrections or even change of inclination for a 3 kg
satellite. The fuel used is a LMP103S green monopropellant fuel blend developed by ECAPS (Sweden). The propulsion system is developed by design team from JSC NanoAvionika.

References:

[1] https://n-avionics.com/propulsion-systems/small-satellite-green-chemical-propulsion-system-epss/

[2] https://n-avionics.com/press-release/successful-orbit-test-first-ever-chemical-propulsion-system-running-board-cubesat-performed/

[3] http://space.skyrocket.de/doc_sdat/lituanicasat-2.htm N O
[4] https://space.skyrocket.de/doc_sdat/m6p.htm ® ®
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Enabling Propulsion System “EPSS” [2 of 2]
JSC NanoAvionika

Additional comments:

[References 1-2][Jun 2020][Flight info]

M6P is a 6U-CubeSat project being developed by the Lithuanian NanoAvionics as a pathfinder mission for their M6P cubesat platform. It is a ride-share mission for two

customers. During the mission NanoAvionics will be testing their 6U (called M6P — Multipurpose 6U Platform) platform based on a modular and highly integral design which

extends payload volume. The M6P will be 4th Lithuanian built Cubesat and a lot of knowledge and experience will be used gathered from still active LituanicaSat-2 mission.

The M6P will be equipped with active stabilization: integrated magnetorquers and momentum wheels. There will also going to be installed in house build EPS, Flight computer

with integrated ADCS, and COMMSs. Satellite will also include 2 UHF transceivers (for redundancy purposes) that will work with deployable dual dipole turnstile type antennas.

The M6P platform also includes propulsion system capable to perform maneuvers such as orbital deployment, orbit maintenance, atmospheric drag compensation, precision

flight in formations, orbit synchronization and atmospheric drag compensation resulting in extended satellite orbital lifetime. The propulsion unit also provides satellites with

decommissioning utility at the end of mission, meeting the space debris mitigation requirements of ESA and NASA. So called “green” chemical propulsion system to reach TRL7

was previously launched with PSLV C-38 and successfully tested in orbit during LituanicaSat-2 mission.Propulsion experiment onboard M6P will bring propulsion system

developed by NanoAvionics to TRL9.

To ensure the practical reliability of the platform, radiation-resistant components and design implementations have been incorporated to support critical systems such as the

Flight Computer, Payload Controller, Electric Power System and Communication System. The platform is optimized to have a nominal 5 years operational lifetime in a Low-Earth

Orbit (LEO) environment.

The M6P satellite carries ride-share payloads for two customers:

« SpaceWorks Orbital will be testing their 0T radio technology by demonstrating ground to space communications for their low-cost 10T architecture for their Blink Astro
business line

» Lacuna Space will demonstrate the receiving of LoRaWAN signals from terrestrial 10T devices to relay the data through the company's cloud-based Lacuna Network

Additionally, the satellite will demonstrate NanoAvioncs' M6P nanosatellite technology.

The satellite was released into a lower than planned orbit due to a delayed deployment, reducing the orbital life time slightly

References:

[1] https://space.skyrocket.de/doc_sdat/m6p.htm

[2] https://nanoavionics.com/projects/lituanicasat-2-satellite-mission/ N O
[3] http://mstl.atl.calpoly.edu/~workshop/archive/2016/Summer/Day%202/Session%207/5_VytenisBuzas(Alternate).pdf e o
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T3 uPS [1 of 2]
TU Delft/Delfi Space

Propulsion Technology Cold/warm gas

Manufacturer/Country TNO/TU Delft/University of Twente/SystematIC BV
(NETHERLANDS)
Delfi Space(commercialized)

TRL 7

Size (including PPU) 120g, 1/4U

Design satellite size 1U, 3U (Delfi was 3U, 3kg)

Isp (S) >30s (~70s in warm gas mode)

Thrust type/magnitude 6 mN

Delta-V (m/s)
Propellant Nitrogen

Power consumption (W) 0.05W (idle), 0.37W (thrust), 13W (~10s, ignition)

Flight heritage (if any) Delfi-n3Xt (2013) _

Cold gas propulsion board
Commercially available YES
Last updated 01/2021

Additional comments:

[Reference 1-3][Jan 2019][General and flight info]

Delfi-n3Xt is a Dutch nanosatellite which is operated by Delft University of Technology. It was launched on 21 November 2013 and was a three-unit CubeSat used to demonstrate
propulsion and communications systems. In the Netherlands, TNO is active in the development of CubeSat propulsion systems based on a proprietary solid propellant cool gas generator
technology. This research led to the development, in collaboration with TU Delft and the University of Twente, of the T3uPS micro-propulsion system. On orbit, TNO reported success of
their propulsion unit:

“Two cold gas generators have been fired already and ten thrust events have been performed and recorded with detailed pressure and temperature measurements. According to TNO,
this already has proven a successful demonstration of their system.”

The unit appears to be for sale via Delfi Space. Delfi Space is the small satellite program of Delft University of Technology for education, technology demonstration and to enhance
capabilities of very small satellites. According to their website:

“TNO, in cooperation with the TU Delft, SystematlC BV and the University of Twente, developed a micropropulsion system based on cold gas generators called the T3uPS. The system is
developed with relative orbit control of multiple spacecraft in mind, such as the DelFFi mission. Cold Gas Generators (CGGs) store nitrogen in a solidified form. When electro-thermal
energy is added, the nitrogen releases in gaseous state and enters in a plenum which will buffer the pressurized gas. A valve and nozzle are used to release the gas into space to provide
controlled thrust. The nozzle is produced with a novel femto-laser technique by the University of Twente. At TU Delft, a special test bench is created which can measure millinewton thrust
levels while filtering out the micro vibrations of the building.

References:

[1] Cervone, et al, “Micro-Propulsion Research: Challenges towards future nano-satellite projects,” Article from Leonardo Times, March 2013

[2] https://www.tudelft.nl/en/2014/Ir/delfi-n3xt-already-performed-a-major-part-of-its-mission/ N O
[3] http:/mww.delfispace.nl/delfi-n3xt/micropropulsion-payload * @
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T3 uPS [2 of 2]
TU Delft/Delfi Space

Additional comments:

[Reference 1][Jan 2021][on-orbit data]
The maximum pressure reached can be approximated by examining the pressure vs. time curves of the gas release. The valve was opened delivering thrust on the 29th of

November with duty cycles 75% and 50% and again on the 3rd of December, dropping the pressure to around 700 mbar before ignition of the second CGG. The opening of
the valve and the subsequent lowering of the pressure inside the plenum indicate that gas is being expelled and thrust being delivered.

The second cool gas generator was successfully ignited and decomposed on the 6th of December 2013. Ignition required 10.3 W of power for 8 s and was again well within
specification. The successful ignition was followed by a second thrust series, this time with 100% open valve to determine the complete thrust curve accurately. The valve was
opened delivering thrust on the 9th of December 2013. On the 12th the third CGG was scheduled to be ignited, but no response was received. All remaining CGG's were tried
but no ignition was observed. This indicates that part of the ignition train (which is non-redundant) failed. The sensors and the valve are still operational and not impacted by
the anomaly. The remaining gas was left in the plenum to further evaluate the leak tightness of the plenum. The temperature and time curves at the start of the leak tightness

verification period and at the end were recorded.

References:
[1] Guo, J., Bouwmeester, J., Gill, E., “In-order results of Delfi-n3xt: lessons learned and move forward,” Acta Astronautica, Vol. 121, April-May 2016. E 7 N O

https://www.sciencedirect.com/science/article/pii/S0094576515004373
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SPT-70 (and advanced version, SPT-70M)

Propulsion Technology Plasma Thruster EPT-701
SPT-70
Manufacturer/Country Fakel (Russia)
TRL 5-6
Size (including PPU) 1.5 kg, 198x146x98 mm
Design satellite size Large (>50kg) * v
Discharge 3605 500
voltage, V
IS p (S) 1470 S at 7OOW [3] Propellant Xe Discharge - s o s i -
i Discharge voltage, V 300 sussnts ’ ’ ' ' ' ’
Thrust type/magnitude 39 mN at 700W [3] Y :
ischarge current, 223 power, W
De I ta-Vv (m /S) Discharge power, W 670 Thrust, mN 36 48 59 28 37 47
Thrust, mN 39 i:;z;r:; " 1430 1530 1600 1380 1490 1560
Pro pel I ant Xenon’ Krypton Specific impulse, s 1470 Power-to-
Power COI’]SU m ptl On (W) "‘GOOW tO 1000W Power-to-thrust ratio, W/mN 16.1 W/mN
Nominal 700W [3] Lifetime, h >3100 S >7000
Lifetime (cycles) >3000 [Cyc;es) >11000
Flight heritage (if any) Yes, claimed. Mission unknown and unverified. [3] Mass, kg 15 m— v
Dimensions, mm 198x146x98 Dimensions, o
Commercially available Unknown , mm [1]
Development level FM T
EM
Last updated 03/2021 level

Additional comments:

[Reference 2][March 2021][Thruster flight info]

In the early 80s, EDB Fakel started its serial production of the thruster types SPT-50, SPT-60, and SPT-70. The first satellite equipped with SPT-70, Geizer 1, was launched in 1982;
and in 1994, a new SPT-100 model was implemented aboard the communication satellite, Gals-1. Despite the press-release about successful testing of the EOL plasma thruster was
published in the Space Investigations periodical in 1974, foreign designers still considered the SPT to be just an attractive theoretical development.

[Reference 3][March 2021][Thruster information]
Authors have claimed up to 3100 hours of demonstrated flight lifetime.

References:

[1] https://fakel-russia.com/en/productions

[2] https://web.archive.org/web/20170206085427/http:/www.fakel-russia.com/en/about/

[3] Kim V., “Stationary plasma thrusters in Russia: problems and perspectives,” Moscow Aviation Institute, 2012. N O 7 N O
135 DISTRO A: Approved for public release. OTR-2024-00338

Comm. avail. TRL Aerospace-tested



DISTRO A: Approved for public release. OTR-2024-00338

ExoMG-nano [1 of 5]
Exotrail

Propulsion Technology Hall Effect Thruster
Manufacturer/Country Exotrail (FRANCE)
TRL 7
Size (including PPU) 2U+ (nano L) and 1U+ (nano S)
Design satellite size 3U and larger, 10 to 30 kg typical
M6P, ELO 3 and ELO4 are all 6U satellites. [3, 4, 5]
Isp (S) 800 s at 53W (tested range: 300s to 800s) [2]
Thrust type/magnitude 10 kN*s (total impulse)

1.5 mN (thrust, continuous, nominal) at 53 W (tested range 0.8 mN to 2.1 mN) [2]
Delta-V (m/s)
Propellant Xenon
Power consumption (W) 40 to 50 W [2]. 53 W nominal (tested range 35 to 65 W)

Flight heritage (if any) NanoAvionics R-2 M6P nanosatellite tech demo (launched Nov 2020) [3, 6]
Slated for Eutelsat ELO3 and ELO 4 spacecrafts (2021) [4]
Slated for Starfish Space’s Otter Pup satellite (launched projected for summer 2023) —
unclear exactly which hall thruster model [8]

ExoMG™ — nano ExoMG™ — nano EP string
Last updated 04/2023 thruster and cathode [2] relative scale [7]

Commercially available YES

Additional comments:

[Reference 1,2][Jan 2019][General info]

“Our team successfully proceeded to multiple ignitions of our Hall Effect Thruster (HET) at Plateforme d’Intégrations et Tests (OVSQ/CNRS) in December 2017. This is a major milestone for Exotrail, after 18 months of
technical development. We have worked with the LAPLACE/GREPHE laboratory based in Toulouse — world expert in plasma physics applied to space propulsion — for the design of our thruster in order to optimize its
performances. This thruster is the smallest Hall Effect Thruster ever designed and successfully ignited in the world.

The rest of the technical development is also going according to plan. Exotrail is aiming at developing a fully integrated thruster with all the necessary components (cathode, fluidics, electronics). We have successfully tested
all the key sub-systems and are on our track to have a first version of our integrated system in mid-2018, only two years after the beginning of our development. This is the result of a great team work but also of the help of our
partners — SATT Paris-Saclay, who has been funding our technical development since mid-2016, the Centre National de la Recherche Scientifigue (CNRS), the Synchrotron Soleil and the Université Versailles Saint-Quentin
en Yvelines. Exotrail is developing a range of electric propulsion systems for small satellites (10-100kg). Thanks to the use of Hall Effect technology, our thruster boasts a superior thrust-to-power ratio than competing systems.
A high thrust means that you can access your operational orbit quicker than with other technologies (3 to 6 times quicker than FEEP, VAT or GIT electric thrusters) or double the power available for your main payload (vs. the
same competing technologies). We provide the best balance between the high fuel efficiency brought by electric technologies and the highest thrust-to-power ratio. We will start official pre-orders in 2019, but you can contact
us right now for more info.”

References:

[1] https://exotrail.com/news/2018-01-15/32-we-successfully-ignited-the-smallest-het-ever-designed/

[2] https://exotrail.com/product/

[3] https://exotrail.com/news/2019-10-02/49-exotrail-delivers-its-first-hall-effect-propulsion-system-prototype-for-in-orbit-demonstration-mission/
[4] http://lwww.parabolicarc.com/2020/02/24/exotrail-secures-contract-with-aac-clyde-space-to-equip-spacecraft-for-eutelsats-elo-3-and-4/

[5] http:/www.satnews.com/story.php?number=2134011401
[6] https://smallsatnews.com/2021/01/14/space-mobility-on-orbit-demo-success-by-exotrail/ E N O

[7] https://spacenews.com/wp-content/uploads/2021/01/rsz_exomg_with_prime_minister-879x485.jpg
[8] https://smallsatnews.com/2023/02/07/starfish-space-to-perform-leo-satellite-docking-using-electric-propulsion/
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ExoMG-nano [2 of 5]
Exotrail

Additional comments:

[Reference 1][June 2020][Mission info — M6P]
Exotrail has delivered a Hall-Effect propulsion system demonstrator to NanoAvionics, a hano-satellite manufacturer and mission integrator based in Lithuania.
NanoAvionics and Exotrail partnered to integrate Exotrail’s propulsion system into its M6P nanosatellite bus which is scheduled to be launched by the beginning of 2020 on a
PSLV rocket. Exotrail along with its key supply chain partners has fully designed, built, integrated and qualified a Hall-Effect propulsion system demonstrator, in the space of only
10 months. This unprecedented high-speed roll-out of an electric propulsion solution has been made possible thanks to the amazing involvement of their investors, key partners
and dedicated staff in Massy and Toulouse. Exotrail expects to release the first results from this demonstration mission during the first half of 2020. The software developed by
Exotrail (ExoOPS™) for mission design and operation will serve as a key propulsion ground segment element for the mission. Future demonstration and customer missions are
scheduled for 2020 and 2021 on 6U, 12U and microsatellites. Exotrail next objectives are to complete the life test qualification of its products in 2020 and ramp-up its production
output to cope with current demand.

[Reference 2, 3][June 2020][Mission info — Eutelsat]

Exotrail will equip AAC Clyde Space, Europe’s leaving nanosatellite solutions specialist, with cutting-edge propulsion solutions for their customer, the global satellite
telecommunications leader Eutelsat, for its ELO 3 and ELO 4 spacecrafts.The French company will provide propulsion systems for the two 6U CubeSats which will be
manufactured and delivered to orbit by AAC Clyde Space.

The Eutelsat mission is a precursor to a potential constellation called ELO (Eutelsat LEO for Objects). The contract is to be delivered before the end of the year, both satellites
will be launched in 2021.

[Reference 4][June 2020][Ground testing]

The performance metrics and the plume characteristics of a miniaturized Hall thruster were investigated. The thruster head of the ExoMG-nano propulsion platform was
experimentally characterized while operated with a PPU prototype. The thruster head consisted of a miniaturized Hall thruster and a thermionic cathode mounted on a metal
baseplate. The tests were performed at ONERAs facility in Palaiseau and the diagnostic tools included a thrust balance, a one-grid Faraday probe, and a commercial ion energy
analyzer. At about 53W of total input power and at a total xenon flow rate of 2:7 sccm (anode plus cathode), the thrust, total specific impulse and total efficiency were 2mN, 800 s
and 15 %, respectively. At the same power, the mass utilization efficiency was about 67 %, the divergence efficiency was 70-75% and the half-angle where 90% of the plume ion
current is found was 68-72 degrees.

[Reference 5][Aug 2020][Company info]
Currently Exotrail has 20 employees in Massy, France and 5 in Toulouse, France. They have raised more than 17 million euros to date. They have both public and non-public
customers.

[Reference 6][Feb 2021][Mission info]

Exotrail reports the full success of the first-ever cubesat mission equipped with Hall-effect electric propulsion technology. Through an In-Orbit Demonstration mission launched to
LEO on November 7, 2020, onboard a PSLV rocket, Exotrail nominally ignited its ExoMG™ Hall-effect electric propulsion system on the first attempt. ExoMG™ electric propulsion
system is being operated with ExoOPS™ Exotrail’s operation software, simultaneously validating not one but two products of the company. This mission opens up a new era for
the space industry: EXoMG™ is the first ever Hall-effect thruster operating on a sub-100 kg spacecratft. This success is strengthened by the extremely short development
timeframe, with less than a year from design to delivery.

References:
[1] https://exotrail.com/news/2019-10-02/49-exotrail-delivers-its-first-hall-effect-propulsion-system-prototype-for-in-orbit-demonstration-mission/
[2] http:/imww.parabolicarc.com/2020/02/24/exotrail-secures-contract-with-aac-clyde-space-to-equip-spacecraft-for-eutelsats-elo-3-and-4/

[3] http://www.satnews.com/story.php?number=2134011401

[4] Gurciullo, A., Jarrige, J., Lascombes, P., and Packan, D., “Experimental performance and plume characterization of a miniaturized 50W Hall thruster,” 36th

IEPC, Vienna, Austria, 2019. E
[5] Small Sat public virtual forum

[6] https://smallsatnews.com/2021/01/14/space-mobility-on-orbit-demo-success-by-exotrail/ e @
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ExoMG-nano [3 of 5]
Exotrail

Additional comments:

[Reference 1 - 5][April 2021][Thruster]
Exotrail is a startup electric propulsion company based out of Palaiseau, France. In addition to fully-integrated EP strings which include the ExoMG HET, thermionic cathode,
propellant management system (PMS) and on-board computer and power processing unit (PPU), Exotrail offers mission design software to its customers. Exotrail has developed
two HET models: the ExXoMGTM - nano (50 W HET) and the ExXoMGTM - micro (100 W HET). The ExoMGTM - nano is fully designed by Exotrail while the ExXoMGTM - micro
is co-developed with ICARE (CNRS). On 11/7/2020, the Exotrail EXOMGTM - nano was launched as part of NanoAvionic’s R-2 tech demonstration mission [4][5]. Following this,
on January 12th, Exotrail announced the success of the first on-orbit demonstration of a miniaturized HET [4]. Exotrail reported nominal operations of their software ExoOPS and
ignition on first attempt [4]. This achievement makes Exotrail the first ever HET operating <100W on a 6U Cubesat < 100 kg.

The ExoMGTM - nano comes in two configurations: 1) nano S and 2) nano L based on total Isp mission requirements [1].

The thruster has a diameter of 3.5 cm and uses an externally mounted LaB6 cathode [2]. Because of its miniaturization, thermal design is important for the ExoMG. The total
input power required varies between 35 W to 70 W. The ExoMGTM - nano had its performance and plume properties fully characterized in [2]. The thrust ranges between 0.8 mN
@ 35W and 2.1 mN @ 60 W. The anode flow rates range between 2.5 — 3.1 sccm and total specific impulse ranges between 300 s @ 35 W and 750 s @ 60 W. Total efficiencies
measured do not exceed 16%.

References:

[1] https://exotrail.com/product/

[2] http://electricrocket.org/2019/142.pdf

[3] https://spacenews.com/french-startup-exotrail-raises-13-million-for-propulsion-on-orbit-transport-systems/

[4] https://spacewatch.global/2021/01/exotrail-demonstrated-mini-thruster-for-small-satellites-in-space/
[5] https://www.nanosats.eu/sat/m6ép-2 E N O
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[Reference 1][April 2021][Company news]
The French new space start-up Exotrail used the 13th European Space Conference to announce the successful in-orbit demonstration of its innovative electric mini-propulsion system.
“Exotrail reports full success of first-ever cubesat mission equipped with Hall-effect electric propulsion technology,” the company said yesterday. “Through an In-Orbit Demonstration
mission launched to Low Earth Orbit on 7th of November 2020 onboard a PSLV rocket, Exotrail nominally ignited its ExoMG Hall-effect electric propulsion system on the first attempt.”
Hall-effect thrusters are mainly used on large satellites due to their superior efficiency compared to other electric propulsion technologies, Exotrail says. “Legacy systems, however, are
the size of a fridge and require kilowatts of power. Exotrail’s nanosatellite thruster runs on 50 watts of power and is equivalent in volume to 2 liters of soda.”

On top of “designing and packing world-leading innovations at the thruster level”, Exotrail claims to have managed the integration of the propulsion system inside the 10 kilograms
spacecraft. Small satellite constellations (ranging from 10 to 250 kilograms) “will now be able to quickly change their orbit once in space, giving new capabilities for satellite operators:
more flexibility in their launch strategy, dramatic performance increases, collision avoidance and safe de-orbiting to prevent space pollution”, Exotrail said.

[Reference 1][April 2021][Company News]
Exotrail posts 3™ party plots to indicate the on-orbit performance of the ExoMG™ - nano aboard the R-2 6U satellite.
Additionally, Exotrail shared anode/cathode IV curves to confirm nominal HET op’s in space.

Anode & Cathode Voltage/Current

ExoMG™ — nano L EP string on the R-2
NanoAvionics M6P CubeSate [1]

[Reference 5][April 2021][Company News]
Exotrail secures contract with AAC Clyde Space to equip their spacecrafts for Eutelsat’s ELO3 and 4. Both satellites will be launched in 2021. From Eutelsat website [6], the ELO
satellites weigh about 12 kg. Based on [7], the AAC Clyde Space contract will be for the 1U ExoMG™ - nano S models.

[Reference 8][October 2021][On-orbit performance]

On-orbit performance for ExoMG has now been published.

The R2 mission was a successful demonstration of the two main products of Exotrail: its propulsion unit ExoMG™ and its operations software ExoOPS™. This marks the first time a
Hall thruster is flown on a <100kg satellite and the first time a permanent magnet Hall thruster is ignited in space. Performances of the thruster have been assessed. A thrust 20% higher
than expected is achieved.

[Reference 5][April 2022][Company news]

The French Space Agency, CNES, has selected Exotrail to complete a research and technology study to optimize the operations of mega constellations. The study will focus on MEO
and LEO, where thousands of satellites are soon expected to be operational and propelled by electric propulsion. The study will determine the best operational procedures to implement
in mega constellation’s flight dynamic system, including station keeping and collision avoidance — two critical operations.

References:

[1] https://exotrail.com/news/2021-01-12/100-exotrail-paves-the-way-for-new-space-mobility-with-first-of-its-kind-successful-in-orbit-demonstration-mission/

[2] https://spacewatch.global/2021/01/exotrail-demonstrated-mini-thruster-for-small-satellites-in-space/

[3] https://lwww.nanosats.eu/sat/m6p-2

[4] https://spacenews.com/india-back-in-action-with-launch-of-earth-observation-satellite-nine-rideshare-small-sats/

[5] https:/www.spacenewsfeed.com/index.php/news/4360-exotrail-secures-contract-with-aac-clyde-space-to-equip-their-spacecrafts-for-eutelsat-s-elo-3-and-4
[6] https:/iwww.eutelsat.com/en/satellites/Ieo-fleet.html

[7] https://spacenews.com/exotrail-demonstrates-miniature-hall-effect-thruster-in-orbit/
[8] Lascombes, P., Montes, M., Fiorentino, A., Gelu, T., Fillastre, M., Gurciullo, A., “Lessons learnt from operating the first Cubesat mission equipped with a Hall thruster,” Small Satellite N O
Conference, 2021, SSC21-X1-01.
[9] https://smallsatnews.com/2022/03/23/cnes-mega-constellation-optimization-study-contracted-to-exotrail/ ®* @
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[Reference 1][Aug 2022][Thruster testing]
The THD (thruster head) of the ExoMGTM - nano performed 1130 firing cycles and 188 hours of firing, with a total xenon flow rate in the range of [3.3, 4.5] sccm. The impact of

the erosion of the magnetic circuit has changed the discharge properties during the lifetime test. Thus, a new THD for the ExXoMGTM — nano has been designed. This new
thruster has undergone a partial lifetime test by firing it with long firing. After 300 hours of operation, no impact on the discharge properties during the lifetime test has been

observed.

References:
[1] Moriconi, B., Hallouin, T., Gurciullo, A., “Hall thruster ExoMG-micro, ExoMG-nano and low current cathode development at Exotrail: cyclic life

testing results,” IEPC-2022-91
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China: Medium power Hall thruster

Propulsion Technology Hall thruster

Manufacturer/Country China: SPMI (Shanghai Spaceflight Power Machinery Institute)
TRL Unknown (estimated at 5-7)

Size (including PPU) Thruster mass 1.5 kg (PPU unknown)

Design satellite size unknown

Isp (S) 1600s

Thrust type/magnitude 40 mN

Delta-V (m/s)
Propellant Xenon

Power consumption (W) 650W

Fig 4 The picture of mid-power HET

Flight heritage (if any) Unknown
Commercially available No

Photo of Hall thruster [1]
Last updated 09/2021

Additional comments:

[Reference 1][September 2021][Thruster development]

Hall thruster was selected as a new thruster for the NSSD Chinese geostationary satellite due to its high impulse and high thrust. Research on hall thrusters started in 1996 and have
been carried out at SPMI since.

A test facility was inaugurated at SPMI in 1996. It is a 1.2 meter diameter x 3.4 m long test facility, and has two 600 mm diffusion pumps to maintain a base pressure of approximately
10E-3 Pascals, designed for hall thrusters up to 1400W. The facility is currently being used for testing mid-power hall thrusters.

Additional facilities for hollow cathode testing have also been built (a 0.5 m diameter x 1.2 m long facility, with 2X 300 mm cryopumps to maintain vacuum levels below 10E-4 Pascals. A
new facility is currently being built at SPMI, a 3m diameter x 9m long facility, for hall thruster plasma diagnostics and plume effects diagnostics.

The reference indicates that there is a thrust measurement system within their test facilities, with a thrust measurement uncertainty of about 10%.

The efficiency of this system is 50%.

References:

[1]1 Kang, X., Wang, Z., Wang, N., Li, A., Wu, G., Mao, G., Tang, H., Zhao, W., “An Overview of electric propulsion activities in China”,
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China